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CHAPTER 1.  MOTIVATION AND RESEARCH GOALS 
1.1 Motivation for understanding contact guidance 
Cancer is a global disease affecting 14.1 million people and causing 8.8 million deaths in 
2015 worldwide. [1] Breast cancer is especially burdensome as it is the most common type of 
cancer in women. Cancer is highly lethal due to the invasion of cancer cells into surrounding 
tissues. The tumor is composed of both cancer cells and the environment in which the cancer 
cells exist. This environment is called the tumor microenvironment (TME). Most tumors grow at 
an anatomical site, called the primary tumor site, where the tumor initiates and can be removed 
relatively easily by traditional therapeutic methods, like irradiation and surgery. However, cancer 
cells at the primary site can invade the surrounding tissue and move to other secondary sites in 
the body, a process called metastasis. Late stage cancers are defined when cancer cells spread 
from primary tumor sites to secondary tumor sites. The TME is a potent mediator of invasion 
leading to metastasis and is as equally important as genetic mutations. Treating cancer after 
metastasis is much more difficult, so therapeutic approaches to slow or inhibit metastasis in 
combination with other treatments are attractive. [2] Because metastasis and invasion are related 
to migration and the TME, understanding the mechanisms that drive motility and how the TME 
affects cell behavior is crucial for cancer treatment targeted to slow or inhibit metastasis. 
Cell migration plays an important role in many physiological and pathological processes such 
as immune response, [3] wound healing [4] and cancer invasion. [5] Cell migration proceeds 
through the processes of protrusion, adhesion and contraction leading to traction force generation 
and cell movement forward. Often, cell migration is not simply random, but directed towards 
certain targets. These targets could be the site of infection, the provisional wound bead or blood 
vessels, lymph vessels and secondary tumor sites. Aligned fibers of extracellular matrix (ECM) 
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[6-8] or gradients in concentration, mechanical properties or electric potential can direct cell 
migration and these directional cues are built in the TME in many tumors. Consequently, 
directed migration is thought to be important in invasion. During directed and random cell 
migration, cells adhere to underlying ECM. When cells sense the alignment of fibers that make 
up the ECM and migrate along the axis of these fibers, the process is called contact guidance. [9, 
10] Contact guidance could be tuned by external cues and internal cell signaling. External cues 
include stiffness, [11] topography, [12] composition, [13] and confinement of ECM. Internal 
cues include signaling and cytoskeletal networks that are made up of F-actin, myosin, and 
paxillin. This is significant, because these internal cues can be differentially activated in the 
various cell subpopulations if the TME, setting up the possibility that different cells respond to 
contact guidance cues differently. During cell migration, ECM can be aligned or disordered by 
myosin II-mediated deformation and degraded by matrix metalloproteinases (MMPs) leading to 
changes in the structural alignment of the ECM. Cells sense the stiffness of the ECM for 
orientation, employing the mechanical stiffness of the surrounding ECM as an environmental cue 
and requiring a certain stiffness in order to engage in effective contact guidance. However, ECM 
that is too rigid does not allow for deformation that can act to amplify a weak contact guidance 
cue leading to more efficient contact guidance. Consequently, the TME can act through several 
different mechanisms to control contact guidance. 
Several unknown questions have been raised and answered in my dissertation. Do all types of 
cancer cells sense contact guidance cues the same? If cells do sense contact guidance cues 
differently, what are some molecular markers for this sensing difference? ECM is remodeled 
through both myosin-mediated contractility and MMP-mediated degradation. Do all types of cell 
deform or degrade contact guidance cues to the same extent? How does matrix stiffness affect 
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contact guidance behavior? I believe that answering these questions will help to enhance the 
prediction of whether a specific tumor will invade given certain molecular markers and 
properties of the TME. Additionally, tumor mimicking environments outside the body can be 
built using our understanding of the important cancer cell-TME interactions and used to screen 
drugs that block the invasion of cancer cells. 
1.2 Research Goal 
The overall goal of this thesis is to uncover how cells sense and respond to migrational cues 
using a tunable engineered platform. Engineering techniques are utilized to build fiber or fiber-
like networks with specific attributes, such as fiber alignment and stiffness as well as to 
systematically assess directed migration behavior during contact guidance. This research project 
focuses on understanding how both the presentation of the extracellular contact guidance cue as 
well as intracellular processes regulate the cell’s ability to engage in contact guidance. The 
following aims were proposed:  
Specific Aim 1:  
Investigate how two different cell types (breast cancer cells) respond to 2D organized collagen 
fibrils. In this objective, I generated and characterized epitaxially grown collagen I fibrils with 
specific alignment, structure, diameter, and density and quantitatively measured contact guidance 
in cells with distinct motility behaviors. 
Specific Aim 2:  
Determine the molecular mechanisms that allow breast cancer cells to directionally migrate on 
2D contact guidance cues. In this objective, I perturbed and measured intracellular cytoskeletal 
and adhesion pathways that regulate contractility and adhesion in order to assess their role in 
contact guidance. 
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Specific Aim 3:  
Probe the dependence of contact guidance on ECM rearrangement through contractility and 
degradation in breast cancer cells. In this objective, I perturbed myosin activity and MMP 
activity and examined how cell alignment and collagen alignment of breast cancer cells depend 
on myosin- and MMP-mediated ECM rearrangement. 
Specific Aim 4:  
Refine a technique to transfer aligned fibrils to flexible substrates and determine the effect of 
mechanical properties of aligned collagen fibrils on the contact guidance responses in breast 
cancer cells. In this objective, I transferred epitaxially grown aligned collagen fibrils on mica 
substrates to functionalized substrates with different stiffness and assessed how mechanical 
properties affect cell and collagen alignment. 
1.3 References 
1. Cancer.  World Health Organizationed.: World Health Organization 2017. 
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migration. Nature Reviews Molecular Cell Biology, 2009. 10(8): p. 538-549. 
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10. Dunn GA. A new hypothesis of contact guidance in tissue cells. In: Heath JP ed.ed. 
Experimental Cell Research 1976: 1-14. 
5 
 
 
11. Charras, G. and E. Sahai, Physical influences of the extracellular environment on cell 
migration. Nature Reviews Molecular Cell Biology, 2014. 15(12): p. 813-824. 
12. Beningo, K.A., M. Dembo, and Y.I. Wang, Responses of fibroblasts to anchorage of 
dorsal extracellular matrix receptors. Proceedings of the National Academy of Sciences 
of the United States of America, 2004. 101(52): p. 18024-18029. 
13. Fischer, R.S., et al., Stiffness-controlled three-dimensional extracellular matrices for 
high-resolution imaging of cell behavior. Nature Protocols, 2012. 7(11): p. 2056-2066. 
  
6 
 
 
CHAPTER 2.  INTRODUCTION 
2.1 Cancer cell metastasis and migration 
Cancer cells are different from normal cells in many ways. For instance, they sustain 
proliferative signaling, resist cell death, evade growth suppressors, activate invasion and 
metastasis, enable replicative immortality, and induce angiogenesis. [1] Among these hallmarks, 
metastasis causes as much as 90% of cancer deaths. [2] There are several steps that lead to 
metastasis: angiogenesis, migration of cancer cells from the primary tumor sites to blood or 
lymph vessels, intravasation, and extravasation of the vessels, migration to a new 
microenviroment and survival of cells arriving at secondary tumor sites. [3, 4] Therefore, 
metastasis is an intrinsically dynamic cellular process driven by cell migration. [5] Cell 
migration is stimulated by microenvironmental factors like chemokines, growth factors or 
molecules that form the extracellular matrix (ECM). In order to uncover a relationship between 
cell migration and specific features of the tumor microenvironment (TME), quantitative 
characterization of cell migration and the underlying subcellular dynamics under different 
microenvironmental conditions were performed (Chapters 3, 4, 5 and 6).   
 Metastasis describes invasion of the surrounding tissue by cells that migrate away from 
the primary tumor to secondary tumor sites. During invasion and metastasis, cell migration is 
often not simply random, but directed towards certain targets like blood vessels, lymph vessels 
and secondary tumor sites. Directed migration occurs when cells move in response to an 
inhomogeneous cue. [6] There are several inhomogeneous cues that lead to directed migration: 
contact guidance, haptotaxis, durotaxis (mechanotaxis), chemotaxis and electrotaxis 
(galvanotaxis). [7] Contact guidance is cell migration in response to aligned ECM fibers. [7] 
Haptotaxis is cell migration in response to gradients in ECM density, [8] durotaxis is cell 
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migration in response to gradients in mechanical properties of ECM such as Young’s modulus, 
[9] chemotaxis is cell migration in response to gradients of soluble cues, and electrotaxis is cell 
migration in response to an electric field. [10] In my dissertation, I am going to focus on contact 
guidance.   
2.2 Why is contact guidance important 
During cell migration, the ECM is remodeled around the tumor. [6, 11, 12] In breast cancer, 
a specific restructuring of the collagen fiber network around the tumor has been identified. [11] 
Collagen fibers initially wrapped circumferentially around the tumor are reorganized into radial 
bundles (perpendicular to the tumor boundary). This radial realignment facilitates local invasion. 
When cells migrate along the realigned collagen fibrils away from primary tumor, the process is 
called contact guidance. [13] The Provenzano group has shown that tumor cells tend to migrate 
along the aligned region if the matrix alignment is anisotropic. If the matrix alignment is 
isotropic then migration is uniform. Taken together, this indicates cell migration is biased only if 
the matrix is aligned. [14] In addition, it has also been shown that collagen matrix reorganization 
by tumor cells facilitates local invasion of tumor cells. [7] Consequently, the structure of the 
ECM around cancer cells is very important to cancer cell motility and tissue invasion. 
Cells require intracellular molecular events to sense contact guidance cues. These molecular 
events include the modulation of cell adhesion, cytoskeletal reorganization, and cell contraction. 
These intracellular events not only regulate migration, but also regulate the cell’s ability remodel 
the ECM. Contact guidance cues are remodeled either through contractile force-mediated 
deformation generated by cells on the ECM or matrix metalloproteinase (MMP)-mediated 
degradation. Cancer cells can also respond to alterations in ECM. Mechanically and structurally 
altered ECM change directed cellular migration. Therefore, understanding the mechanisms 
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through which and the degree to which cancer cells modulate ECM to facilitate invasion and 
metastasis is important. This understanding will lead to new approaches to perhaps block pro-
invasive ECM organization that leads to invasion and metastasis inhibition. 
In vivo, the ECM environment is very complex and cells do not only sense the topology of 
the contact guidance cue, but also sense other properties of the contact guidance cue, such as 
confinement, pore size, composition, and stiffness. The following table 1.1 describes some 
examples of common in vivo environments for cell migration and their characteristics. [15] 
Confinement describes the fact that cell migration is normally restricted to movement through 
pores. [15] This requires the cell to activate MMPs to open pores and degrade the ECM. 
Confinement can be mimicked by exposing the cell to obstacles like an overlay of a collagen gel 
on cells plated on aligned collagen fibers. In confined environments, contractility is increased 
and the adhesion is decreased during cell migration. [16, 17] Stiffness refers to the stiffness or 
elastic modulus of the ECM. Cells can sense stiffness of the ECM in a process known as 
mechanotransduction. The stiffness of the substrate can be controlled by presenting contact 
guidance cues on flexible substrates or crosslinking aligned fibers that constitute the contact 
guidance cue using glutaraldehyde or transglutaminase, chemical and enzymatic crosslinkers, 
respectively. It has been shown that matrix stiffness of tumors is higher than normal tissues and 
stiff tumor increase cancer cell invasive ability. [18] Therefore, understanding how stiffness 
tumor microenvironment affects contact guidance is also very important.  
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Table 1.1 some examples of common in vivo environments for cell migration and their characteristics  
*Reprinted with permission from Nature Reviews Molecular Cell Biology 15,813-824, (2014) Copyright 
2014, Nature Publishing Group used with permission 
In vivo, the ECM is complicated and includes collagens, laminins, fibronectin, glycoproteins, 
and proteoglycans that serve as a structural scaffold and provide the support necessary to 
maintain tissue integrity and sustainability. [19] Because the ECM in the TME is mostly 
composed of collagen I, contact guidance cues in vitro normally mimic the structure of collagen I 
or collagen I fibrils in many studies [20, 21]. 
2.3 Engineering environments to present contact guidance cues 
Contact guidance was first coined in the late 1970s by Dunn. [13] However, Curtis and 
Varde first showed contact guidance as cell migration oriented by the topography of substratum 
in 1964. [22] Contact guidance cues not only govern cancer cell migration, but also have been 
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shown to induce a variety of cellular responses such as the up regulation of fibronectin mRNA in 
human fibroblasts [23] and increased adhesion of epithelial cells. [24] Thus, the ability to mimic 
contact guidance cues in vitro is very important.  
There are several techniques that have been developed to generate contact guidance cues in 
2D and 3D environments. In 2D environments, the techniques include electrospinning, [25] fiber 
drawing, [26] microcontact printing, [27] generating grooves or gratings, [28] and epitaxial 
growth of aligned collagen fibrils on mica. [29] Electrospinning is a technique that uses an 
electrical charge to draw a thin stream of polymer dissolved in solvent towards a target substrate. 
Fine fibers are produced when solvent evaporates in flight. The fiber diameter can be tuned in 
the range of nanometers to micrometers by proper selection of the processing parameters. [30] A 
fiber drawing technique has been used to fabricate suspended fibers by contacting a previously 
deposited polymer solution droplet with a sharp probe tip and drawing it as a liquid fiber. [31] 
Microcontact printing (µCP) is a form of soft lithography that uses the relief patterns on a master 
to generate a polydimethylsiloxane (PDMS) stamp that can transfer a material from an ‘inked’ 
stamp to a substrate. [27] Solutions of ECM like collagen can be stamped on substrates in lines 
of different widths and spacing, generating contact guidance cues. Grooves or gratings are also 
used as contact guidance cues and can be generated using soft lighography approaches used in 
µCP. CD-RS have a spiraling groove in the polycarbonate layer [32] and can also be used as a 
master to generate gratings made from PDMS. The grating fabricated with CD-RS, is about 1.5 
µm and depth is 150 nm. Small pitch and high amplitude cause higher cell alignment, whereas 
large pitch and low depth causes lower cell alignment. [28, 33] Finally, epitaxial growth 
describes an approach to assemble collagen in different structures on mica. The surface 
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properties of mica in combination with solution characteristics like pH, ion type, ionic strength, 
collagen concentration, and incubation time specific the structure that is formed.  
3D techniques include flow-based alignment, [34] magnetic alignment, [35] cell-derived 
ECM organization, [36] and rotational alignment (acupuncture needles). [37] Flow-based 
alignment uses a microfluidic method to control collagen orientation through spatial patterns in 
shear force. [34] Cell-derived ECM organization uses cells, primarily fibroblasts to secrete and 
align ECM. These matrices can then be decellularized and used as contact guidance cues. [36] 
Magnetic fields can be used to align collagen fibers. Large magnetic fields can align collagen or 
weaker magnetic fields in combination with iron oxide paramagnetic beads can be used. [35] 
Finally, rotational alignment describes an approach that uses a steel acupuncture needles that are 
inserted perpendicular to the surface of the gel and rotated to align collagen fibers. [37] 
Minimally, these approaches allow for the control over the length scales of the contact 
guidance cue or the degree of collagen alignment; however there exist differences among these 
approaches. Electrospinning is simple, low cost, is easily scalable and allows for tight control 
over fiber morphology, but it uses solvents in the method that can be toxic or difficult to use with 
ECM protein. Additionally, numerous process variables designate fiber characteristics. Finally, it 
is difficult to electrospin pure collagen or protein fibers, essentially limiting the use to unnatural 
polymeric materials. Microcontact printing (μCP) allows specific control of patterns and 
dimensions down to the micron size scale. Additionally, microcontact printing is highly 
reproducible and flexible, due to the ability to tune the chemistry of the substrate without the 
need of highly specialized equipment, but lines of ECM generated by micro-contact printing 
(μCP) do not completely recapitulate the native fibrils structure. For instance, D-banding is an 
important feature that forms in collagen fibrils in vivo and is required for directional migration 
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(D-banding and topology). [38] ECM-coated gratings can easily be made of different pitches and 
depths, allowing varying dimensions to investigate different types of cells migration, [28] but 
again, this technique does not generate collagen fibers.  
On gratings cell alignment percentage or average directionality increases with increased pitch 
size (ridge + groove width), but more sensitively with increased groove depth. [13, 19, 34] For 
µCP, the average cells directionality increases with increased line period, [39, 40] and spacing. 
[24, 41] While the potency of the contact guidance cue can be regulated, many times these 
contact guidance cues present highly potent cues that don’t mimic migration through an aligned, 
but noisy collagen fiber fields that is seen in vivo. More contractile cells like fibroblasts seem to 
engage in higher fidelity contact guidance than less contractile cells like epithelial cells. In 
addition, these ECM molecules used in the 2D contact guidance systems mentioned above are 
covalently attached to the substrate and consequently the contact guidance cue cannot be 
remodeled. However, ECM degradation through MMPs and remodeling through myosin-
mediated contractility transmitted as traction force through ECM adhesions at the heart of both 
creating and responding to these cues in the TME. [42] 
Epitaxial growth of aligned collagen has several advantages. Epitaxially grown collagen can 
lead to the formation of D-banding if the proper K+ concentration and pH is used. [29, 43] 
Moreover, epitaxial collagen assembled onto mica is only weakly attached to the surface and 
fibrils can be remodeled through cell traction force or MMP degradation. Therefore, epitaxially 
grown collagen fibrils represent a good model 2D contact guidance system. However, while 
these substrates have been used to assess contact guidance in fibroblasts [44] and matrix 
rearrangement in melanoma cells, their application to deeper questions associated with contact 
guidance is absent. 
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2.4 How molecular mechanisms regulate contact guidance 
Directed cell migration occurs through multiple steps. These steps include protrusion, 
adhesion, contraction, traction generation and rear release. Additionally, in 3D, proteolysis of the 
ECM is required. First, the cell exerts protrusive force that causes cell spreading. This is initiated 
by actin filament polymerization at the leading edge of the cell membrane. [45] These filaments, 
termed F-actin have structural polarity with one end called the plus end (‘barbed’ end) and the 
other end called the minus end (‘pointed’ end). F-actin depolymerizes into the monomer at the 
minus end and the monomer polymerizes into F-actin at the plus end. Capping at either end of 
the F-actin can control polymerization and depolymerization, and F-actin can be bundled, 
crosslinked, and severed, resulting either in F-actin disassembly or through cooperation with F-
actin branching F-actin assembly. F-actin polymerization results in elongation and generates 
protrusions. [46] 
Second, those cell protrusions will adhere to surroundings through integrin binding of the 
ECM. Integrins are transmembrane receptors that mechanically connect the ECM to the actin 
cytoskeleton through a short cytoplasmic tail. [47, 48] Integrins have two different non-
covalently associated α and β subunits. Integrin β1 subunits require integrin activation to bind 
physiologic ligands and are the primary group of cell-ECM receptors. Heterodimers such as 
α1β1, α2β1, α10β1, and α11β1 bind to collagen. [48, 51-54] Integrin binding to ligand is 
dependent on divalent cations. In a physiological setting, Mg2+ modulates integrin activation and 
binding, but Mn2+ binds with higher affinity and is a better stimulant of integrin activation. [49, 
50] The integrin ECM bond must be strengthened in order for cells to generate traction force. 
This is done by assembling adhesions. Adhesions are categorized as nascent adhesions, focal 
complexes, focal adhesions, and ﬁbrillar adhesions, [55, 56] according to their size and function. 
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Nascent adhesions are the smallest adhesive structures. Focal complexes are larger than nascent 
adhesions and are dependent on Rac GTPase activity. [57] Both nascent adhesions and focal 
complexes are known to enhance protrusion through F-actin polymerization. During migration, 
many focal complexes do not mature, but disassemble. Some of them mature into larger, 
elongated, and stable focal adhesions. Focal adhesions (FAs), the best characterized of the cell-
ECM adhesions, are specific types of large, macromolecular assemblies that connect the 
cytoskeleton with the ECM by linking proteins with the association of integrins. [58] Integrin 
activation regulates assembly of focal adhesions by activating phosphorylation of FAK during 
cell migration process. FAK is one of the major tyrosine kinases found at cell-matrix adhesions. 
Paxillin, pl30cas, and other cytoskeletal proteins are associated with integrins and are acted upon 
by and activate FAK. [59, 60] paxillin, which is also phosphorylated, is a primary signaling 
protein within adhesions and regulates its role as an adapter protein in an adhesion complex [61] 
Finally, focal adhesions in 3D are somewhat different than those in 2D and have hybrid 
characteristics. Taking fibroblasts as an example, cells in the 3D matrix lose phosphorylation of 
FAK at its autophosphorylation site. [62] Fibrillar adhesions are large and very stable adhesions 
that are involved in ECM remodeling. Furthermore, not all cells possess all adhesion structures at 
equal fractions. For example, cells with nascent adhesions and focal complexes are prominent in 
highly motile cells, while more contractile cells, such as fibroblast-like cells, have more mature, 
stable focal adhesions. 
Once the protrusion is adhered, contractile force acts to reinforce adhesions in the front of the 
cell and disassemble adhesion in the rear of the cell pulling the rear forward. This contractile 
force is regulated by F-actin and the motor protein, myosin II, the combined activities being 
defined as actomyosin activity. Myosin II is formed from two heavy chains and two copies of 
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each of two light chains. Each heavy chain contains an N-terminal head domain, while the long 
coiled-coil C-terminal tail holds the two heavy chains together. Actomyosin contractility is 
regulated by phosphorylation of myosin regulatory light chain (MRLC), altering its interaction 
with F-actin. [63] The phosphorylation of MRLC is regulated by MRLC kinases (MLCK) and 
myosin phosphatase. MLCK is a specific protein kinase that phosphorylates MRLC. [64] Rho 
kinase (ROCK) and myotonic dystrophy kinase-related Cdc42-binding kinase (MRCK) are two 
additional kinases that phosphorylate MRLC. Myosin phosphatase is an enzyme that 
dephosphorylates MRLC, terminating the actomyosin-based contraction. Consequently, either 
activation of MLCKs or inhibition of myosin phosphatase could be one reason for the formation 
of focal adhesions and stress fibers to generate strong contractile force during cell migration [65-
67] Myosin-mediated contractility is also associated with ECM remodeling. As a cell adheres to 
ECM, integrins interact with substrates and form focal adhesions. Concurrently, force generated 
by contraction is transmitted towards the ECM. Consequently, ECM is pulled upon and realigned. 
Early work showed that fibroblasts can compact ECM matrices and this compaction is dependent 
on myosin activity. [68] This compaction occurs at the cellular level, where individual cells can 
pull on collagen fibrils. [69] This compaction often leads to ECM alignment and contact 
guidance. 
During contact guidance, it is known that these processes are spatially controlled. This spatial 
control is regulated directly through physical interaction with contact guidance cues or indirectly 
through signaling pathways that activate adhesion and contractility. Altering adhesion and 
contractility, two properties that impact migration mode, regulate contact guidance. Myosin II 
activation through myosin regulatory light chain (MRLC) kinases appears to be important in 
more adherent cells, but less important in less adherent cells. [70] It has been shown that the Rho 
16 
 
 
family of GTPases cooperate with integrin in contact guidance to regulate cytoskeletal 
orientation to accomplish directional migration in cell invasion. [14] In particular, blocking 
ROCK has been shown to alter the contact guidance in neurons. [74] In 3D systems, contact 
guidance was shown to decrease after ROCK inhibition, but this was primarily attributed to the 
lack in ECM remodeling that would generate a contact guidance cue and not a change in the 
intrinsic migratory response to the contact guidance cue. [14] Consequently, we need to 
understand how cooperation of adhesion and contractility affect contact guidance. 
2.5 How different cell migration modes affect contact guidance 
Although cell migration process is generally similar, there also exist different migration 
modes for diverse types of tumor cells, such as individual and collective migration modes. [75] 
While both are important in cancer invasion, we will focus our current work on examining 
individual cell migration. [76] Individual cell migration modes include amoeboid, mesenchymal, 
blebbing, [77] and lobopodial. [78] Among them, the amoeboid and mesenchymal modes of cell 
migration are best characterized. [79] The amoeboid mode of cells squeeze through ECM when 
the pore size is greater than the cell nucleus using cell contraction, but tend to not bind the ECM 
strongly. The amoeboid mode of cell migration allows cancer cells to detach and metastasize 
early and quickly from a primary tumor site to a secondary tumor site. [80] The mesenchymal 
mode of cells are characterized by elongated and fibroblast-like morphology, with relatively 
slow speed, single large protrusions, [72] mature focal adhesions, stress fibers and strong 
contractile force. However, while there is some indication that different cells respond to contact 
guidance cues differently, no one has assessed how differences in migration mode result in 
differences in contact gudiance. [73] 
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In addition to adhesion and contaction differences, there are also other differences between 
amoeboid mode and mesenchymal mode. The movement of amoeboid cells is usually MMP-
independent [87] Cells use contractility during the cell motility cycle to deform the matrix 
weakly [88] and to remodel the cytoskeleton, particularly in the rear of the cell. [89] The 
mesenchymal mode of cells not only utilize actomyosin contractile force, but also need localized 
ECM degradation through proteolytic enzymes, namely MMPs, [75] to degrade the ECM. 
Therefore, mesenchymal movement is MMP-dependent and generates strong integrin-mediated 
adhesions that cooperate in the degradation of ECM, indicating intimate relationship between 
cell and the ECM.  
2.6 How matrix metalloproteinases-mediated degradation affects contact guidance 
ECM is remodeled during cancer cell migration. For instance, pancreatic cancer cells drive 
dramatic mechanical and organizational changes in the TME. [90] This occurs in part through 
secretion of MMPs and myosin-mediated contractility. Recently, it has been shown that 
invadopodia (small protrusions that degrade the ECM) [82] and MMP activity increase [91] in 
response to changes in the mechanical properties of the environment. Therefore, this 
upregulation of MMP activity in stiff tumor environment plays an important role in 
rearrangement of ECM.  
The MMPs are a family of enzymes that are capable of degrading many different ECM 
proteins, but also can process a number of bioactive molecules. These enzymes are important in 
various areas of cancer pathology, including tumor growth, metastasis, and angiogenesis. [92] 
Tumor cells acquire the ability to change shape, detach, and easily move through spaces by 
degrading ECM with secreted MMPs. The MMP family consists of both secreted (S-MMP) and 
membrane--tethered (MT-MMP) proteinases. [93] S-MMP are collagenases, the gelatinases, and 
18 
 
 
the stromelysins. Collagenases include MMP-1, MMP-8, and MMP-13, and are capable of 
degrading triple-helical fibrillar collagen which are major components of bone, cartilage, and 
dentin. Gelatinases include MMP-2 and MMP-9, degrade gelatin, which is denatured collagen. 
They are expressed in different human epithelial cancer types such as breast, [94] bladder. [95] 
The stromelysins including MMP-3, MMP-10, and MMP-11, display a broad ability to cleave 
extracellular matrix proteins but are unable to cleave the fibrillar collagens. MT-MMPs have six 
different types: MMP-14, MMP-15, in which MMP-14 has been recognized as a major mediator 
of cell migration and metastasis. MMP-14 often works at the cell membrane and closely to ECM 
attachment, and also localizes to other focal degradation structures including invadopodia 
(degradative protrusions) and focal adhesions. [96] Expression of MMP-14 and activation of 
MMP-2 have been shown to correlate with tumor invasion and metastasis. Thus, a lot of 
pharmaceutical inhibitors of MMPs have been developed in order to inhibit MMPs activities and 
further inhibit tumor growth and metastasis.  
MMPs can be inhibited by both small molecule inhibitors and inhibitory proteins. Broad 
spectrum MMP inhibitors like GM6001 and marimastat are normally used to block all the major 
MMP activities. [81] Function blocking antibodies are more specific and can be developed 
against MMP-14. [83] The endogenously expressed Tissue Inhibitors of MetalloProteinases 
(TIMPs) can inhibit MMPs. TIMP-1 preferentially inhibits MMP-7, MMP-9, MMP-1, and 
MMP-3, whereas, TIMP-2 is also a more effective inhibitor of MMP- 2. TIMP-3 can inhibit 
MMP-2 and MMP-9 but also the majority of ADAMs, whereas, TIMP-4 inhibits MMP-14 and 
MMP-2 catalytic activity. [84] Blocking MMP activity constitutes an attractive therapeutic 
approach, given the importance of MMPs in cancer invasion. However, the results from clinical 
trials with MMP inhibitors have proved disappointing because inhibitors used to block MMPs 
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are often non-specific and function blocking antibodies have yet been deployed. [85] 
Furthermore, MMPs have both pathological and physiological functions, making their systematic 
inhibition problematic. [86] 
MMP activity is known for degrading and realigning collagen fibers to facilitate cell migration 
and cell invasion. [97] Carey [98] has shown that the MMP inhibitor GM6001 attenuated ECM 
alignment and MDA-MB-231 cell invasion. In addition, Fraley [99] also pointed out that the 
invasive ability of most cancer cells on aligned fibers can only be inhibited by 50% with 
maximal concentration of marimastat. This suggests that maximal inhibition of MMP could not 
completely inhibit cancer invasion and MMP degradation might indirectly affect ECM alignment 
and contact guidance. Paolo [25] also showed that inhibition of actin-myosin based contractility 
inhibited matrix reorganization indicating that contractility also mediates ECM remodeling. 
Consequently, we might need to understand whether ECM remodeling is mediated by structural 
MMPs degradation and concurrently by mechanical contractility deformation. 
2.7 Controlling stiffness in contact guidance environments 
The in vivo TME is very complicated and presents contact guidance cues in various contexts 
that affect invasion. One important factor is stiffness. ECM stiffens during the progression of 
cancer and the most invasive cancers appear to occur in stiff environments. [18] For example, 
normal breast tissue is very compliant and has an elastic modulus around 200-400 Pa, while 
breast tumor is much stiffer and has an elastic modulus around 4000 Pa [99] The TME stiffens 
due to stromal cell contraction [18, 100] and increased crosslinking [101] of fibrous collagen. 
This has been well-characterized in breast, but is also present in pancreas, where collagen type I 
is a large constituent of the ECM. The increasing stiffness of ECM is caused by increasing ECM 
density or by crosslinking using transglutaminase. Transglutaminase is an attractive enzyme 
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given its relevance to crosslinking in vivo. Thus, Collagen I, as one of most important ECM 
components is commonly used in the study of ECM stiffness. It can be assembled into larger 
fibrils with tightly regulated ultrastructural characteristics such as D-periodic banding, which is 
very similar to the native fibrils in vivo. [102] Therefore, the density and mechanical properties 
of collagen fibrils has been suggested as a good indicator of future invasion and metastasis. [20, 
21] Matrix stiffness refers to the stiffness and elasticity of the ECM and it regulates the degree of 
cell-matrix adhesion and the size of focal adhesions [103] and thus, affect cell motility and cell 
alignment.  
On 2D environments, the stiffness of the substrate can be controlled by presenting contact 
guidance cues on flexible substrates. PDMS and polyacrylamide are commonly used for flexible 
substrates. PDMS can be controlled by base to crosslinker ration and polyacrylamide can be 
precisely tuned simply by varying the ratio of monomer (acrylamide) to cross-linker 
(bisacrylamide). But PA gels allow us to move to softer moduli than PDMS elastomers. It has 
been shown that migration speed of tumor cells increased on stiffer matrix. [104, 105] Collagen 
crosslinking increases tissue stiffness and promotes integrin clustering, and further enhance PI3K 
signaling to induce invasion of tumor invasion. [21] Although numerous studies are about how 
matrix stiffness affects cancer cell migration and invasion, there are seldom how aligned matrix 
stiffness affects contact guidance behavior. 
Developing in vitro environments with controllable aligned collagen organization, 
mechanical properties and easy characterization of cytoskeletal and adhesion processes will 
provide a powerful strategy in understanding how cells sense and respond to contact guidance 
cues. In the following sections, I focus on four topics. In Chapter 3, epitaxially grown and 
aligned collagen fibrils were assembled on mica substrates to form a contact guidance cue. Then 
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two different types of breast cancer cells that display different cell migration modes were used to 
understand how different cells response to contact guidance cues. In Chapter 4, based on 
different contact guidance responses between breast cancer cells, intracellular signaling 
quantitatively measured in parallel with contact guidance to understand how differences in 
contraction and adhesion predict the different contact guidance behaviors among cells. In 
Chapter 5, ECM remodeling during breast cancer cells migration on contact guidance cues was 
assessed. The roles ofmyosin-mediated contractility and MMP-degradation were assessed to 
understand how ECM remodeling affects contact guidance. In Chapter 6, a novel approach is 
presented to transfer aligned fibrils to flexible substrates. This allows us to probe the role of 
mechanical properties on tuning the contact guidance behavior in breast cancer cells. 
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CHAPTER 3 EPITAXIALLY GROWN COLLAGEN FIBRILS REVEAL DIVERSITY IN 
CONTACT GUIDANCE BEHAVIOR AMONG CANCER CELLS 
Juan Wang1, Joseph W. Petefish
1, Andrew C. Hillier1 and Ian C. Schneider1,2*‡  
3.1 Introduction 
Cell migration is critically important in diverse physiological contexts such as development, 
immune response and wound healing and pathological contexts such as cancer. For example, cell 
migration allows cancer cells to move away from the tumor, enter and exit blood and lymph 
vessels and migrate to secondary tumor sites, in a process called metastasis. [1, 2] Metastasis is 
one of the main causes of mortality in cancer patients and consequently diagnostics aimed at 
predicting or therapeutic interventions aimed at halting metastasis are attractive. Cell migration 
can be random, but often it is directed. [3] Directed cell migration allows for more efficient 
movement towards specific targets. Cues in the extracellular environment that direct migration 
are numerous and can either cooperate or compete to direct migration. [4] These cues include 
gradients in growth factors or extracellular matrix (ECM) concentration, mechanical properties 
or electric field. Gradients often bias migration towards targets and are thus monodirectional. 
Aligned fibers composed of ECM also direct cell migration. However, aligned fibers bias 
migration along their long axis and are thus bidirectional. This type of directed migration is 
called contact guidance. [5] Contact guidance specifically impacts wound healing, [6] immune 
response, [7] neuronal development and repair [8] and cancer metastasis. [9] However, even 
though cell migration can be directed through several different cues, the fundamental processes 
carried out during cell migration appear to be conserved. [10] 
Cell migration proceeds in steps: protrusion, adhesion and contraction, which result in 
traction force generation and tail retraction. [10] In 3D environments the additional step of ECM 
degradation is usually included. [11] The cell senses contact guidance cues via adhesion between 
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receptors such as integrins and the fibers. Much of this work has been conducted on ridges that 
mimic ECM fibers showing that contact guidance cues act to align focal adhesions [12-14] and 
the actin cytoskeleton, [12, 13, 15, 16] resulting in directional migration. Along with focal 
adhesions and the actin cytoskeleton, the cells ability to transmit force seems to play a role as 
decreasing contractility seems to diminish contact guidance fidelity on microcontact printed lines 
of collagen type I. [17] Migrational steps are organized differently in different cells, resulting in 
a developing hypothesis that cells adopt different modes of migration. [18] Single cell modes 
include the amoeboid, mesenchymal, blebbing, [19] lobopodial [20] and cytoskeletal 
independent modes of migration. [21] Of these, the amoeboid and mesenchymal seem to be the 
best characterized. [18] The amoeboid mode of migration is proteinase independent. These cells 
are also dependent on myosin contractility to squeeze through pores, but tend to not bind the 
ECM strongly. The mesenchymal mode of migration is proteinase dependent. These cells are 
less dependent on myosin contractility as they can degrade matrix to generate larger pores, but 
tend to bind the matrix more strongly. Whether amoeboid or mesenchymal, cells must still 
interact with the ECM, even if weakly or non-specifically. The ECM that surrounds the tumor is 
often composed of a dense, but porous network of entangled and perhaps crosslinked collagen 
type I. [22] 
Collagen type I is a heterotrimer that assembles into fibrils with tightly regulated 
ultrastructural characteristics such as D-periodic banding. [23] This structure is a hallmark of 
biologically relevant collagen fibrils and is critical for contact guidance. [24] Collagen fibrils can 
be aligned and bundled into fibers through contractility mediated mechanisms in some tissues. 
[25, 26] In particular, the tissue surrounding breast tumors appears to undergo a dramatic change, 
whereby fibers are no longer oriented parallel to the tumor margin, but are oriented 
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perpendicularly to the tumor margin. [9] This facilitates directed migration of cancer cells to the 
surrounding tissue during invasion and metastasis. Additionally, the density and mechanical 
properties of collagen ECM has been suggested as a good indicator of future invasion and 
metastasis. [9, 27] Consequently, to better understand fundamental cell biology and design better 
diagnostic strategies, it is important to understand how cell migration is quantitatively altered in 
response to collagen fiber characteristics such as degree of alignment, diameter, density and 
mechanical properties as well as among different cells with intrinsically different migrational 
modes. This requires using systems where collagen fibril (or fiber) characteristics can be altered 
and assessing cell migration behavior across several different cell lines. 
The past 10 years has seen a dramatic increase in the engineering approaches by which to 
fabricate fiber networks with specific fiber characteristics. In particular several techniques have 
emerged to generate aligned fibers or fiber-like entities. These methods include fabricating 
ridges, [28] electrospinning, [29] fiber drawing, [30] epitaxial growth, [31] microcontact 
printing, [32] flow-based alignment [33, 34] and magnetic bead alignment. [35] Surprisingly, 
these approaches have not been fully utilized to understand contact guidance. Here we focus 
on the elegant and simple approach of epitaxially growing collagen type I (hereafter referred 
to as collagen) fibrils on mica to generate fibril structures with different organizational 
characteristics. Collagen in solution adsorbs to freshly cleaved mica surfaces and assembles 
into fibrils. Collagen fibril assembly is governed by collagen-collagen and collagen-mica 
electrostatic interactions. [36, 37] The interaction with mica is due in part to potassium ions 
that remain on the surface after cleavage. [37] Solution phase conditions such as the collagen 
concentration and incubation time determine fibril size and density, [28-30] the pH of the 
solution determines fibril density and alignment [38, 39] and the ionic species determine the 
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fibril density, alignment and presence of D-banding. [39-41] Because potassium ions seem to 
be important in initiating D-banding, others have examined different potassium ion 
concentrations, and they appear to regulate fibril size, density and alignment. [37-39] Finally, 
muscovite mica orders collagen differently than phlogopite mica. [37, 41] The geometry of 
epitaxially grown collagen fibrils resembles a thin tape as opposed to a cylinder as seen in 
vivo. However, there are several advantages to this approach over other approaches described 
above, including the ease in forming a diverse set of structures and efficiency in forming D-
bands with similar spacing as those seen in collagen fibrils in vivo. While these substrates 
have been used to assess the effect of D-banding on fibroblast contact guidance [24] and the 
coupling of adhesion and proteinase activity, [42] they have not been used to assess contact 
guidance across different collagen structures and among different cell types. 
In this paper, we generated several different organizational patterns of collagen and assessed 
how cell morphology, orientation and contact guidance behavior depended on the collagen 
organization. Highly organized collagen fibrils generated robust contact guidance. Less well-
organized fibrils induced contact guidance, but to a lesser extent. Disorganized collagen fibrils 
and physically adsorbed collagen allowed cells to spread, but did not direct migration. We 
examined this behavior in two different breast cancer cell types and found profound differences. 
MDA-MB-231 cells which migrate with a mesenchymal mode of migration and which exert high 
traction force were highly directional, but MTLn3 cells which migrate with an amoeboid mode 
of migration and which exert lower traction force were not directional at all, even though they 
spread and migrated well on the aligned fibrils. This demonstrates that different contact guidance 
cues can bias cell migration differently and the fidelity of contact guidance is highly dependent 
on cell type, suggesting that the ECM alignment is a permissive cue for contact guidance, but 
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requires a cell to have certain properties in order to interpret that cue. Collagen fibrils assembled 
on mica offer an interesting platform on which to exquisitely tune contact guidance signals and 
examine cellular responses at the level of migration.  
3.2 Material and Methods 
Reagents and Cells 
A rat mammary basal [43] adenocarcinoma cell line (MTLn3, Jeffrey E. Segall, Albert 
Einstein College of Medicine) was maintained in subculturing media at 37 °C in 5 % CO2. 
Subculturing media for MTLn3 cells was MEMα (Life Technologies, Grand Island, NY, USA) 
containing 5 % fetal bovine serum (Life Technologies) and 1 % penicillin-streptomycin (Life 
Technologies). A human mammary basal/claudin low [44] carcinoma cell line (MDA-MB-231, 
ATCC, Manassas, VA, USA) was maintained in cell culture media at 37 °C in 5 % CO2. 
Subculturing media for MDA-MB-231 cells was DMEM (Life Technologies) containing 10% 
fetal bovine serum (Life Technologies) and 1 % penicillin-streptomycin (Life Technologies). 
Imaging media was the same as the subculturing media, with the exception that no phenol red 
was included and that 12mM HEPES (Sigma Aldrich, St. Louis, MO, USA) was included. High 
concentration non-pepsin treated rat tail collagen type I (BD Bioscience, Hampton, New 
Hampshire, USA) was used. 
Collagen Substrate Treatment 
Freshly and uniformly cleaving mica is a required step in assembling reproducible collagen 
fibril fields. A 15mm × 15mm piece of muscovite mica (highest grade VI, Ted Pella, Redding, 
CA, USA) was freshly cleaved using tape. A flat layer of the mica that remained on the tape was 
discarded. Collagen type I was diluted in the buffer solution to the proper concentration and the 
buffer solution was incubated on the mica at room temperature. After incubation the collagen 
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solution was washed with distilled water, the mica was laid against the edge of a tissue culture 
dish and the mica was allowed to dry overnight and was used the next day. There were four 
different buffer solutions. Buffer solution 1 consisted of 50mM Tris-HCl (Fisher Scientific, 
Hampton, New Hampshire, USA) and 200mM KCl (Fisher Scientific) at pH 9.2. Buffer solution 
2 consisted of 50mM Tris-HCl and 200mM KCl at pH 7.5. Buffer solution 3 consisted of 50mM 
citric acid-sodium citrate (Fisher Scientific) and 200mM KCl at pH 4.3. Buffer solution 4: 50mM 
citric acid-sodium citrate and 0mM KCl at pH 4.2. 
Atomic Force Microscope (AFM) Imaging and Analysis 
A Dimension 3100 scanning probe microscope with Nanoscope IV controller (Veeco 
Metrology, LLC, Santa Barbara, CA) was utilized to obtain height images of collagen fibrils on 
mica. Imaging was conducted in tapping mode using silicon TESP7 AFM tips (Veeco Metrology, 
LLC, Santa Barbara, CA) with a spring constant of ~79N/m and resonance frequency of ~ 
269kHz. Roughness of type I collagen fibrils was calculated by computing the standard deviation 
of the height over a 5µm x 5µm scan area. Fast Fourier Transform (FFT) aspect ratio processing 
steps are shown in Figure S3.1 and all steps were carried out in ImageJ. An image representing 
the FFT was computed in Image J. This FFT operation translates spatial information into 
frequency information and is thus useful in quantifying repeating patterns and length scales. This 
FFT image was binarized based on a threshold that was two standard deviations higher than the 
FFT image average, resulting in a shape centered at the origin. Several serial image processing 
steps were conducted in ImageJ in order to eliminate small objects and fill holes in the dominant 
shape centered at the origin. The following processing steps were used in order: fill holes (4 
connected background elements), erode, dilate, open and close (structured element for erosion, 
dilation, opening and closing is a 3 x 3 matrix). These were followed by another erode and open 
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function. Finally, an ellipse was fit to the zero-order signal using the analyze particles function in 
Image J, which was always the largest continuous shape. The aspect ratio was defined and the 
long axis divided by the short axis of the ellipse. Fibril height was calculated by fitting the height 
distribution with a Gaussian function and determining the peak width at 30% of the maximum 
height. Under this criterion the thickness of the unpolymerized collagen was roughly 1.5nm, 
which matches well with the known diameter of the collagen heterotrimer. Fibril height could 
not be unambiguously determined given the high density of the fibril fields and some uncertainty 
as to whether the AFM tip could at times penetrate to the mica layer below. Fibril width and 
length were measured manually using ImageJ. While is high confidence in fibril width, fibril 
length is a bit more difficult to measure given some ambiguity in where fibrils start and stop. 
Live Cell Imaging 
MDA-MB-231 cells were incubated for 1 hour and MTLn3 cells were incubated for 12 hours 
on organized type I collagen substrates in imaging media. Mica with type I collagen fibrils and 
cells attached to the fibrils were inverted onto two strips of double sided tape attached to a 
microscope slide to generate a flow chamber. The chamber was filled with imaging media and 
sealed with VALAP. Chambers were imaged by phase contrast microscopy on a heated stage at 
37 °C every 2 minutes for 12 hours. Images were captured at 10× (NA 0.50, Nikon) with a 
charge-coupled device (CoolSNAP HQ2, Photometrics) attached to an inverted microscope (Ti-
E, Nikon) that was driven by Manager. [45] Cell centroids were identified and tracked 
manually using the MTrackJ plugins of ImageJ. Cell speed and directionality were calculated 
over a time lag of 2 minutes averaged over 12 hours as described in a previous paper. [17] 
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Immunofluorescence Imaging 
MDA-MB-231 cells were incubated for 4 hours and MTLn3 cells were incubated for 12 
hours on organized type I collagen, fixed with 4% paraformaldehyde, permeabolized with 0.5% 
triton-X and stained for F-actin, a cytoskeletal protein and paxillin, an adhesion protein. F-actin 
was stained using alexa 488-phalloidin (Life Technologies) and paxillin was stained using 
mouse-anti paxillin antibody (349, BD Biosciences) and a donkey-anti mouse Cy3 antibody 
(Jackson Immuno Research). Fixed and stained cells were imaged by epifluorescence using a 
60× oil objective (NA 1.49, Nikon) on the same microscope as described above. Aspect ratio for 
each cell was calculated by dividing the length of each cell by its width. Orientation was only 
calculated for cells with an aspect ratio ≥ 1.3. 
Calculating and Fitting Cell Orientation Distributions 
Of the cells that were adequately elongated (aspect ratio ≥ 1.3), the orientation direction was 
calculated along the long axis of the cell. Orientation distributions across experimental replicates 
over several days were aligned and the dominant peak was set at 30°, given that the fibril 
orientation and cell orientation were not readily imaged simultaneously. Furthermore, orientation 
distributions were fitted by double Gaussians governed by the following equation: 
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,    (1) 
where f is the frequency fraction and   is the orientation angle in degrees. The second and fourth 
term arise in order to ensure that the Gaussian is propagated periodically. For wide distributions 
(large b1 and b2), the left tail of the Gaussian at 30° contributes to fractions around 180° and the 
right tail of the Gaussian at 90° contributes to fractions around 0°. Confidence intervals of 95% 
were calculated using the nlparci function in Matlab (Mathworks), which uses the fitting 
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residuals and the Jacobian of the fitting equation to estimate the 95% confidence intervals on 
fitting parameters. A peak was assigned only if the confidence interval of a1 or a2 was greater 
than zero and if b1 or b2 was less than 30°. Wide distributions are less likely to be peaks. If either 
of these criteria were not achieved, fits to either a single Gaussian (terms 1 and 2 of Equation 1) 
or a constant value was used.  
3.3 Results and Discussion 
Characterization of collagen organization on mica  
Determining the contact guidance fidelity of migrating cells requires tight control over the 
organization of the ECM. It is well-established that collagen fibrils epitaxially grow on mica 
surfaces. Furthermore, the fibril characteristics can be controlled by solution phase properties 
such as pH, ionic strength, ion species, incubation time, and collagen concentration. In this paper, 
we characterize collagen organization using atomic force microscopy (AFM) under six 
conditions (Figure 3.1A-F). Conditions were chosen to yield a diversity of collagen 
organizational patterns, including highly aligned fibrils of large width and height (Figure 3.1A), 
multi-directional fibrils of intermediate width and height (Figure 3.1B), poorly aligned fibrils of 
small width and height (Figure 3.1C and D) and punctate spots (Figure 3.1E). In addition, bare 
mica was also assessed (Figure 3.1F). As seen previously, solutions with high pH and/or long 
incubation times/high collagen concentrations produced the largest fibrils (Figure 3.1G&H, see 
A and B). Solutions with intermediate to low pH coupled with short incubation times/low 
collagen concentrations produced smaller fibrils (Fig 3.1G&H, see C and D). Finally, solutions 
with low pH with no potassium ions inhibited fibril formation. The degree of fibril alignment 
was quantified by examining the fast Fourier transform (FFT) of the image and measuring the 
aspect ratio of the zero-order signal after image processing as described in the Experimental 
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section (Figure S3.1). Randomly organized fields (E and F) or fibril fields with dominant angles 
that are nearly perpendicular (B) should have an aspect ratio close to 1 and highly aligned fibrils 
(A) should have a large aspect ratio (Figure 3.1I). The highly organized, large collagen fibrils 
show a characteristic D-banding along their length, producing stripes in the FFT oriented 
perpendicularly to the fibril orientation (Figure S3.1A). Consequently, the long axis of the high 
intensity zero-order signal is perpendicular to the orientation axis of the fibrils. In addition to the 
FFT aspect ratio, the roughness of the surface was calculated showing that fibrils of larger 
diameter (A and B) were rougher than the smaller fibrils (C and D), collagen pucta (E) or bare 
mica (F) (Figure 3.1I). Comparison of the roughness of condition A with the roughness of 
condition C, D or E using a two-tailed, unequal variance Student’s t-test yielded p values of less 
than 0.05. Comparison of the roughness of condition B with the roughness of condition C, D or E 
yielded p values of less than 0.05, except for E which yielded a p value of 0.095. Finally, when 
roughnesses of A and B as well as C and D were grouped together the p values for comparison in 
roughness between group AB and CD or E were both less than 0.05. All conditions were at least 
twice as rough as bare mica. Given this surface characterization of the collagen organization, we 
were interested in determining cell adhesion and migration behavior on the different collagen 
organizational patterns. 
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Figure 3.1 Characterization of collagen organization on freshly cleaved mica using atomic force 
microscopy (AFM) under six conditions. A. pH 9.2, 200mM KCl, 10µg/ml collagen, 1.5h incubation time, 
B. pH 7.5, 200mM KCl, 100µg/ml collagen, 3h incubation time, C. pH 7.5, 200mM KCl, 100µg/ml 
collagen, 20min incubation time, D. pH 4.3, 200mM KCl, 10µg/ml collagen, 20min incubation time, E. 
pH 4.2, 0mM KCl, 100µg/ml collagen, 3h incubation time and F. bare mica. Top: 5μm × 5μm scan 
(calibration bar length = 1μm). Bottom: 1μm × 1μm enlarged region outlined in the square above 
(calibration bar length = 200nm). G. Fibril length and width. H. Fibril height and width. Each data point 
was generated from a sample image from one independent collagen deposition experiment. Error bars are 
95% confidence intervals for fibril length and width were determined from measuring > 10 fibrils per 
image. I. FFT aspect ratio and surface roughness. A: black squares, B: black circles, C: gray circles, D: 
gray triangles, E: open triangles and F: open diamonds. 
Breast cancer cell morphology and migration behavior on epitaxially grown collagen fibrils 
A well-characterized cell line (MDA-MB-231) was used. These cells adhere and migrate on 
collagen fibrils, are contractile and adopt a mesenchymal mode of migration, which is 
characterized by high proteinase activity coupled to adhesion to the ECM. MDA-MB-231 cells 
were plated on the six different substrates characterized in Figure 3.1 and were fixed and stained 
for both F-actin, a cytoskeletal protein and paxillin, an adhesion protein. Cells were spread and 
elongated on the highly aligned fibrils of large width and height (Figure 3.2A). Cells were spread, 
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but not elongated on other fibril organizations and punctate collagen (Figure 3.2B-E). Finally, 
cells did not spread on the bare mica (Figure 3.2F). High resolution images show that focal 
adhesions and bundles of F-actin are generated on any substrate with collagen. Aligned collagen 
fibrils of large width and height result in elongation of both focal adhesions and F-actin bundles 
(Figure 3.3). The cell morphology was quantified by calculating an aspect ratio of the cell from 
the length and width measurements and agreed with the qualitative observations (Figure 3.2G). 
Cell aspect ratios were divided into groups including cells that were elongated (white), slightly 
elongated (gray), not elongated, but spread (dark gray) and not spread (darkest gray). The 
population of cells was not homogenous, so the fraction of cells in each aspect ratio group was 
plotted and showed a consistent trend of a shift in the distribution from elongated, spread cells to 
unspread cells as the organization of the collagen decreased (A-F) (Figure 3.2H). 
 
Figure 3.2 Morphology and orientation of MDA-MB-231 cells under six organized collagen assembly 
conditions. A-F. Conditions shown in Figure 3.1A-F. Representative cells are shown stained for F-actin. 
Calibration bar length = 30μm. Cell aspect ratio was calculated for cells by examining F-actin images for 
conditions shown in Figure 3.1A-F (A. (Ndays = 5 and Ncells = 909), B. (Ndays = 3 and Ncells = 550), C. (Ndays 
= 3 and Ncells = 427), D. (Ndays = 3 and Ncells = 316), E. (Ndays = 3 and Ncells = 526), F. (Ndays = 3 and Ncells = 
165)). Different gray values indicate arbitrary, evenly spaced cell aspect ratio ranges. Error bars are 95% 
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confidence intervals. H. The frequency fraction of cells within each aspect ratio range denoted with the 
same gray levels as shown in G and for conditions shown in Figure 3.1A-F. I-M. The angle distributions 
of cells for conditions shown in Figure 3.1A-F with aspect ratios of > 1.3 (A. (Ndays = 4 and Ncells = 575), 
B. (Ndays = 2 and Ncells = 362), C. (Ndays = 2 and Ncells = 294), D. (Ndays = 2 and Ncells = 113), E. (Ndays = 2 
and Ncells = 294)). Gray bars correspond to ~60° spacing between peaks 1 and 2. 
 
Figure 3.3 Morphology and protein localization of MDA-MB-231 cells under six differently organized 
collagen substrates. A-F. Cells were plated under conditions shown in Figure 3.1A-F and stained for Top: 
F-actin and Bottom: a focal adhesion marker, paxillin. Calibration bar length = 30μm. 
 
Figure 3.4 Cell orientation of MDA-MB-231 cells from images taken on different areas of the epitaxially 
grown collagen for dense monodirectional fibrils (Figure 1A, pH 9.2, 200mM KCl, 10µg/ml collagen, 
1.5h incubation time) and no fibrils (Figure 1E, pH 4.2, 0mM KCl, 100µg/ml collagen, 3h incubation). 
The coverslip is roughly 25mm × 25mm and each image field is roughly 0.4 mm × 0.4 mm. The arrow 
direction indicates the average cell orientation direction in an image field and the arrow weight is 
inversely proportional to the standard deviation of directions in an image field. A large standard deviation 
is denoted by a light weight and a small standard deviation is denoted by a heavy weight. For random cell 
orientation angles, the average orientation is 90° (pointing upward) and the line weight approaches zero. 
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High cell elongation does not necessarily indicate high cell alignment with the fibrils or a 
high degree of contact guidance, so the orientation distributions of the cells were calculated as 
well. The highly aligned fibrils of large width and height generated two peaks, which were offset 
by 60° (Figure 3.2I). While across one coverslip the alignment direction is fairly homogeneous, 
other less frequent directions are seen (Figure 3.4A). This contrasted with the no fibril condition 
that showed random alignment (Figure 3.4B). Mica is hexagonally ordered, leading to a three-
fold symmetry. However, others have shown that collagen fibril orientation is set by surface 
charge polarity [37] established by parallel and alternating lines of silicon oxide above and below 
the surface plane in the [1 1 0] direction. [40] When mica is incompletely cleaved, steps 
corresponding to a different layer of mica can remain on the surface at some places on the 
sample. These two different mica layers might have a difference in the orientation direction of 
these lines of silicon oxide above and below the surface plane, leading to alternative collagen 
fibril and cell orientations at ± 60° over large length scales (~1000µm). The multidirectional 
fibrils of large width and height display multiple directions, even on small length scales (~5µm), 
so the orientation peaks are much less pronounced (Figure 3.2J). The other fibril orientations 
show solitary peaks (Figure 3.2K) or no peaks at all (Figure 3.2L). Punctate collagen also shows 
no peak at all (Figure 3.2M). We quantified the correlation between either the cell aspect ratio or 
cell orientation peak height and FFT aspect ratio or surface roughness using the Pearson 
correlation coefficient. Cell aspect ratio correlated better with surface roughness (r = 0.77) than 
FFT aspect ratio (r = 0.099). On the other hand, cell orientation peak height correlated slightly 
better with FFT aspect ratio (r = 0.37) than surface roughness (r = 0.33). These data along with 
those in Figure 3.2 indicate that the aligned collagen fibrils of large width and height and to a 
lesser extent the multidirectional collagen fibrils of large width and height are best able to 
42 
 
 
generate elongation and orientation in MDA-MB-231 cells, suggesting they are better contact 
guidance substrates. Given this, we examined the contact guidance fidelity directly by measuring 
the directionality of MDA-MB-231 cells migrating on these organizational patterns of collagen. 
MDA-MB-231 cells were plated on substrates shown in Figure 3.1A and B, imaged over 12 hr 
(Figure 3.5A) and cell nuclei were tracked. Cell directionality was calculated using the following 
equation: 
 
1
1
cos 2
N
i
i
DI
N


  ,         (2) 
where N is the number of time intervals contained in an individual cell track and θi is the angle of 
the cell movement with respect to the collagen fibrils. The directionality essentially quantifies 
the projection of cell displacement along the long axis of the fibrils, thus giving a good 
representation of the contact guidance fidelity. A directionality of 1 defines a situation where a 
cell only moves in two directions along the fibril (0° and 180°). A directionality of 0 defines a 
situation where a cell moves randomly or at a 45° with respect to the fibrils. Finally, a 
directionality of -1 defines a situation where a cell moves perpendicular with respect to a fibril 
(90°). MDA-MB-231 cells show high directionality on aligned collagen fibrils of large width and 
height and a lower directionality on the multidirectional collagen fibrils of large width and height 
(Figure 3.5). MDA-MB-231 cells do not directionally migrate on unpolymerized collagen 
substrates (Fig 3.5). Cell migration speed on collagen fibril substrates showed the opposite 
behavior. Multidirectional collagen organization resulted in high speed, whereas aligned collagen 
organization resulted in lower speed (Figure 3.5B). Cell speed on unpolymerized collagen 
substrates was low and similar to that on the aligned collagen fibrils (Figure 3.5B). The 
migrational behavior on collagen fibrils agrees with many studies showing that directional 
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persistence is often inversely dependent on cell migration speed. [46] This suggests that MDA-
MB-231 cells are sensitive to aligned collagen fibrils, leading to high fidelity contact guidance. 
This is important given in vivo data indicate the presence of aligned collagen fibrils in the tumor 
microenvironment in breast cancer. 
 
Figure 3.5 Migration behavior of MDA-MB-231 cells on three different organizational patterns of 
epitaxially grown collagen: aligned collagen fibrils of large width and height (Figure 3.1A, pH 9.2, 
200mM KCl, 10µg/ml collagen, 1.5h incubation time), multidirectional collagen fibrils of large width and 
height (Figure 3.1B, pH 7.5, 200mM KCl, 100µg/ml collagen, 3h incubation time) and unpolymerized 
collagen (Figure 3.1E, pH 4.2, 0mM KCl, 100 µg/ml collagen, 3h incubation time). A. Montage of phase 
contrast images of MDA-MB-231 cells at different timepoints during migration. Calibration bar length = 
30μm. B. Left: directionality and Right: cell migration speed of MDA-MB-231 cells. Ndays ≥ 3 and Ncells ≥ 
148. Error bars are 95% confidence intervals. 
Comparison of contact guidance behavior between different breast cancer cell lines 
We were interested in whether this contact guidance behavior was universal or restricted to 
this one cell type, so we performed similar assays using the MTLn3 cell line, another commonly 
used breast cancer cell line. Both MDA-MB-231 and MTLn3 cells are basal or basal-like cells 
and adhere and migrate on collagen, however there are a several differences. First, MDA-MB-
231 cells adopt more of a mesenchymal mode of migration in 3D environments compared to the 
amoeboid mode of migration that MTLn3 cells adopt. [47, 48] In 2D environments, MTLn3 cells 
adopt a fan shaped morphology, whereas MDA-MB-231 cells are more spindle-like. [49] Finally, 
MDA-MB-231 cells exert roughly 10-fold higher traction forces than MTLn3 cells, resulting in 
more stable focal adhesions and F-actin bundles and slower 2D migrational speeds. [47, 50, 51] 
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MTLn3 cells generated focal adhesions, assembled F-actin bundles, spread and migrated on 
different organizational patterns of collagen (Figure 3.6 and 3.7). However, MTLn3 cells did not 
elongate as readily as MDA-MB-231 cells (Figure 3.2G and H compared to Figure 3.6A and B) 
and showed no peak in cell orientation on highly aligned fibrils (Figure 3.2I compared Figure 
3.6C). However, two peaks did occur on multidirectional fibrils (Figure 3.2J compared with 
Figure 3.6D). MTLn3 cells migrated faster than MDA-MB-231 cells on aligned fibrils, but 
slightly slower on multidirectional fibrils (Figure 3.5B compared to Figure 3.7B). Both were 
statistically significant (p < 0.05). Finally, MTLn3 cells did not interpret the aligned fibrils as a 
contact guidance cue (Figure 3.7B). MDA-MB-231 cells had a much higher directionality than 
MTLn3 cells under both fibril organizational conditions (Figure 3.5 compared to Figure 3.7). 
This is interesting, given that MTLn3 cells migrate directionally on microcontact printed lines of 
collagen on mica (Figure S3.2) and glass. [17] Two different surface characteristics could lead to 
this. First, microcontact printed collagen is heterotrimeric and not assembled into collagen fibrils. 
It is possible that certain contact guidance sites for MTLn3 cells are masked when collagen 
assembles into fibrils. Second, the lines of collagen are sparser than the collagen fibrils used here 
and separated by less adhesive areas. When MTLn3 cells are faced with non-adhesive areas as in 
the microcontact printed lines, it is possible that this induces the contact guidance. 
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Figure 3.6 Morphology and orientation of MTLn3 cells under two organized collagen conditions: dense 
monodirectional fibrils (Figure 3.1A, pH 9.2, 200mM KCl, 10µg/ml collagen, 1.5h incubation time) and 
sparse bidirectional fibrils (Figure 3.1B, pH 7.5, 200mM KCl, 100µg/ml collagen, 3h incubation time). A. 
Cell aspect ratio was calculated for cells by examining F-actin images for conditions shown in Figure 
3.1A and B (A. (Ndays = 5 and Ncells = 940) and B. (Ndays = 2 and Ncells = 242)). Different gray values 
indicate arbitrary, evenly spaced cell aspect ratio ranges. Error bars are 95% confidence intervals. B. The 
frequency fraction of cells within each aspect ratio range denoted with the same gray levels as shown in A. 
C. and D. The angle distributions of cells on for conditions shown in Figure 3.1A and B with aspect ratios 
of > 1.3 (A. (Ndays = 5 and Ncells = 468) and B. (Ndays = 2 and Ncells = 94)). E. MTLn3 cells were plated on 
aligned fibrils of large width and height (Figure 3.1A, pH 9.2, 200mM KCl, 10µg/ml collagen, 1.5h 
incubation time) and multidirectional fibrils of large width and height (Figure 3.1B, pH 7.5, 200mM KCl, 
100µg/ml collagen, 3h incubation time) and stained for Left: a focal adhesion marker, paxillin and Right: 
F-actin. Calibration length = 30μm. 
 
Figure 3.7 Migration behavior of MTLn3 cells on two different organizational patterns of epitaxially 
grown collagen: aligned collagen fibrils of large width and height (Figure 3.1A, pH 9.2, 200mM KCl, 
10µg/ml collagen, 1.5h incubation time) and multidirectional collagen fibrils of large width and height 
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(Figure 3.1B, pH 7.5, 200mM KCl, 100µg/ml collagen, 3h incubation time). A. Montage of phase 
contrast images of MTLn3 cells at different timepoints during migration. Calibration bar length = 30μm. 
B. Left: directionality and Right: cell migration speed of MTLn3 cells. Ndays ≥ 3 and Ncells ≥ 84. Error bars 
are 95% confidence intervals. 
Several possibilities could explain the difference in contact guidance fidelity between MDA-
MB-231 cells and MTLn3 cells. First, it is possible that altering the traction forces exerted by the 
cells on the substrate might change the directional fidelity. Traction force could act to align focal 
adhesions, therefore by increasing the traction force in MTLn3 cells, one might make more 
directional cells and by decreasing the traction force in MDA-MB-231 cells, one might make 
less directional cells. Second, it is possible that receptor expression could be different amongst 
the two cells leading to differences in directional fidelity. These experiments were conducted in 
serum, where multiple ECM proteins such as fibronectin and vitronectin can bind to the collagen. 
Perhaps differences in the usage of 21 (collagen) integrins vs. 51 and v3 (fibronectin and 
vitronectin) integrins might mediate this response. Finally, Rho-family signaling has been linked 
to contact guidance. First, Rho and its downstream myosin light chain kinase, ROCK, are indeed 
important to contact guidance in 3D collagen matrices. However, this importance is related to the 
role of Rho and ROCK in collagen reorganization rather than a role in intrinsic ability to sense 
contact guidance cues. Indeed, Rho and ROCK did not inhibit migration into prealigned collagen 
gels. [25] However, it is possible that Rho and ROCK regulate intrinsic contact guidance 
differently between 2D and 3D, making it a possible candidate to explain the differences 
between these cell types. In addition to Rho, Rac activity has been linked to directional migration. 
[52] Higher Rac activity results in more lateral protrusions and less directionally persistent 
migrational behaviors, whereas lower Rac activity inhibits lateral protrusions and results in more 
directionally persistent migrational behaviors. It is possible that Rac activity among the two 
different cell lines is different. Given that Rac activity differs in 2D and 3D environments, it will 
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be interesting to determine if this difference in contact guidance holds for cells migrating in 3D 
collagen networks. The finding that different cell types interpret directional cues differently, 
even though they bind and migrate in response to those cues, might have a dramatic impact on 
cancer diagnosis. Robust reorganization and radial alignment of the collagen ECM around breast 
tumors has led others to suggest that these could be used as diagnostic markers. We believe this 
to be a good approach, but perhaps aligned collagen fibers are a necessary, but not sufficient 
signal that leads to cell migration and cancer metastasis. 
3.4 Conclusion 
We demonstrated that the organization of collagen fibrils epitaxially grown on mica surfaces 
induces a variety of morphological and migrational behaviors depending on the specific 
organizational pattern of collagen. MDA-MB-231 cells that migrate using a mesenchymal mode 
of migration spread, elongated, oriented and engaged in high fidelity contact guidance on the 
highly aligned fibrils of large width and height. As fibril organization became more random, cell 
orientation and contact guidance fidelity decreased. Interestingly, MTLn3 cells that migrate 
using an amoeboid mode of migration spread and somewhat elongated on aligned fibrils of large 
width and height, but did not engage in contact guidance, even though they robustly migrated. 
This work demonstrates that aligned collagen fibrils are a permissive, but not sufficient signal for 
contact guidance and that the migrational mode of different cells might impact whether a 
particular cell type senses directional cues such as contact guidance. 
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3.7 Supporting information 
 
Figure S3.1 Two example sets of intermediate FFT analysis steps. AFM images of a 5 μm x 5 μm scan of 
collagen organization at A. pH 9.2, 200mM KCl, 10µg/ml collagen, 1.5h incubation time (FFT aspect 
ratio = 3.5) and B. pH 4.3, 200mM KCl, 10µg/ml collagen, 20min incubation time (FFT aspect ratio = 1.3) 
and the subsequent image transformations. The image shown in A. or B. after i. FFT transformation, ii. 
thresholding and binarizing, iii. filling holes, iv. eroding, v. dilating, vi. opening, vii. closing, viii. eroding 
and ix. opening. x. The zero-order shape (light gray) aspect ratio was calculated by fitting an ellipse (dark 
gray) around the shape and measuring the long and short axes (dark gray dotted lines) in Image J’s 
analyze particles function.  
52 
 
 
 
Figure S3.2 MTLn3 cells elongate and directionally migrate on microcontact printed lines of collagen on 
mica. Alexa 555-labeled collagen (60μg/mL) was deposited onto mica as 3μm × 3μm line patterns using 
polydimethylsiloxane stamps as described elsewhere. [17] Mica was not functionalized as was done 
previously for glass. Epifluorescence images of the stamped pattern A. before and B. after the addition of 
media. Calibration bar length = 50μm. C. Enlarged image of two MTLn3 cells shown in the first frame of 
D. Calibration bar length = 20μm. D. Montage of MTLn3 cells migrating on a 3μm × 3μm line pattern of 
collagen with the enlarged region shown in C. outlined in white. Calibration bar length = 100μm. 
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CHAPTER 4 STRESS FIBERS SENSITIVELY TUNE CONTACT GUIDANCE ON 
ASSEMBLED COLLAGEN FIBRILS1 
Juan Wang1 and Ian C. Schneider1,2*‡ 
4.1 Introduction: 
Migration is an important cell behavior that occurs during many pathological and 
physiological processes. For instance, during cancer invasion and metastasis, faster migration 
occurs through altered signaling pathways, cytoskeletal dynamics and adhesive structures. In 
addition to faster migration, it is well known that the tumor microenvironment (TME) presents 
directional cues for cancer cells, allowing for more eﬃcient cell migration towards blood vessels, 
lymph vessels and along nerve fibers. Directed migration comes in various flavors, one of which 
is contact guidance, or directed cell migration along aligned fibers or fiber-like structures. 
Contact guidance has been shown to be a powerful modulator of breast cancer metastasis, due to 
the robustly aligned collagen emanating radially from the TME, [1] but other cancers likely share 
similar signatures. [2] Furthermore, this aligned fiber structure likely enhances stromal and 
immune cell migration towards the tumor. [3, 4] Understanding how contact guidance operates 
across different cells is a critical aspect of understanding the biology of tumor invasion and 
metastasis. In addition, fabricating tumor mimicking environments that allow for the separation 
and expansion of patient-derived cells for drug screening applications will require both the 
ability to make complex structures as well as the understanding of how cells respond to those 
structures. 
There have been numerous approaches for fabricating contact guidance cues in 2D and 3D 
environments. [5-8] Controlling 3D contact guidance cues is more difficult and imaging cells 
                                                 
2 The material contained in this chapter was previously published in Biomaterials Journal, 2017, 120, 81-93, 
“Myosin phosphorylation on stress fibers predicts contact guidance behavior across diverse breast cancer 
cells” by Wang J., Schneider, I.C. Reproduced by permission of Biomaterials shown in Appendix B 
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embedded within these environments can pose challenges, so most of the work has been 
conducted in 2D environments. Most contact guidance work has been carried out on gratings [9-
12] that present either micro- or nano- sized grooves and ridges from 50 nm to 50 m in width 
with depths ranging from 30 nm to 3 µm. In addition to gratings, lines of extracellular matrix 
(ECM) have been printed such that cells occupy one line and move randomly in 1D [13, 14] or 
span several lines. [15-18] Finally, aligned collagen fibrils have been epitaxially grown on mica. 
[19] Epitaxial growth of aligned collagen has several advantages. This contact guidance cue is 
formed using a native ECM protein and certain in vivo structural characteristics of collagen 
fibrils like D-banding are retained. [20] These substrates have been used to assess contact 
guidance in fibroblasts. [21] In addition, we recently used these substrates to show that cancer 
cells that migrate with similar speed, but different migration mode, sense contact guidance cues 
with vastly different directional fidelity. [22] 
While all cells share basic migration steps including adhesion and contractility that results in 
traction generation or tail retraction, these steps are regulated differently among cells. Migration 
phenotypes have begun to be more rigorously defined and are commonly referred to as migration 
modes. Different signaling pathways are required for each migrational mode and blocking or 
enhancing certain pathways can allow a cell to switch between modes. Adhesion is regulated by 
integrin binding to ECM proteins like collagen. Integrins are activated either by intracellular 
focal adhesion (FA) molecules or manganese ions (Mn2+), resulting in higher affinity interactions 
with the ECM. [23] In particular, β1 integrin activation seems to increase traction force. [24] 
Attenuating integrin interactions with the ECM switches cells from a mesenchymal to amoeboid 
mode of migration. [25] Integrins initiate the assembly of FAs and recruitment of FA proteins 
such as paxillin. Paxillin is phosphorylated on several sites including pY118 that leads to FA 
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turnover and maturation. [26, 27] Paxillin phosphorylation and the accompanying FA turnover 
and maturation are brought on by myosin-mediated contractility that is controlled by the 
phosphorylation of myosin II regulatory light chain (MRLC) by myosin light chain kinase 
(MLCK) and Rho kinase (ROCK). [26-28] In the context of migration modes, the amoeboid 
mode depends on Rho/ROCK signaling to generate cortical contractility and blocking ROCK 
activity can switch cells from amoeboid to mesenchymal migration. [29, 30] However, much of 
the work outlining the differences in migration modes has been carried out in randomly 
migrating cells with no external directional cue. 
Both adhesion and contractility are important during contact guidance. Work on gratings has 
shown that directional fidelity is dependent on FA maturation, [31, 32] however the role of 
paxillin phosphorylation in contact guidance is not clear. Cells spreading on gratings requires 
myosin contractility through the Rho/ROCK pathway for directional alignment, [33, 34] but 
other Rho GTPases like Cdc42 and Rac [35, 36] and MLCK [37] are dispensable. In addition, 
contact guidance in 3D systems depends on ROCK, but not MLCK phosphorylation of MRLC. 
[6] However, no study has examined the role of MRLC phosphorylation on stress fibers or 
paxillin phosphorylation in FAs during contact guidance. Furthermore, no study has examined 
contact guidance fidelity in response to adhesion and contractility perturbations across cell lines 
that migrate with different migration modes. 
In this paper, we benchmark contact guidance on epitaxially grown collagen fibrils with two 
other common contact guidance cues (µCP lines and gratings) in MDA-MB-231 (mesenchymal) 
and MTLn3 (amoeboid) cells. We show that both cell lines migrate similarly on CP collagen 
and gratings. However, epitaxial grown, aligned collagen fibrils generated distinct migration 
behavior as we have demonstrated before. [22] MDA-MB-231 cells sense contact guidance with 
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high fidelity, but MTLn3 cells, sense contact guidance cues with low fidelity. We then perturb 
ROCK-mediated contractility and β1 integrin-mediated adhesion and show that directionality can 
be tuned up or down in cells roughly independent of cell speed. MDA-MB-231 cells can be 
made to be less directional after contractility or adhesion inhibition, whereas MTLn3 cells can be 
made to be more directional after contractility or adhesion enhancement. The perturbations that 
generate these dramatic changes in directionality alter MRLC and paxillin phosphorylation when 
localized to stress fibers and in FAs. Additionally, while dual perturbations of contraction and 
adhesion yield synergistic migration speed responses, additive or saturated directionality 
responses are observed, suggesting that contraction and adhesion have overlapping roles in 
modulating cell directionality. Finally, while MRLC phosphorylation on stress fibers is poorly 
predictive of cell migration speed on contact guidance cues, directionality is directly proportional 
to MRLC phosphorylation on stress fibers across numerous conditions and cell lines. 
4.2 Materials and Methods 
Cell culture and reagents 
A human mammary basal/claudin low carcinoma cell line (MDA-MB-231, ATCC, Manassas, 
VA, USA) was cultured in Dulbecco’s Modified Eagles Medium (DMEM) (Sigma Aldrich, St. 
Louis, MO, USA) containing 10% fetal bovine serum (FBS) (Gibco, Grand Island, New York, 
USA) and 1% penicillin-streptomycin (pen-strep) (Gibco) at 37°C in 5% CO2. A rat mammary 
basal adenocarcinoma cell line (MTLn3, Jeffrey E. Segall, Albert Einstein College of Medicine) 
was authenticated using IDEXX BioResearch (Westbrook, Maine, USA) and cultured in MEMα 
(Gibco) supplemented with 5% FBS (Gibco) and 1% pen-strep (Gibco) at 37°C in 5% CO2. 
Imaging media for MDA-MB-231 and MTLn3 cells was the same as the subculturing media, 
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with the exception that no phenol red was included and that 12mM HEPES (Sigma Aldrich) was 
included. 
Collagen substrate treatment 
High concentration non-pepsin treated rat tail collagen type I (Corning, Corning, NY, USA) 
was used for the contact guidance cues. Four different types of contact guidance cues were made. 
The first two substrates involved depositing heterotrimeric collagen onto functionalized glass. 
Collagen was adsorbed (3µg/ml in solution for 1hr) or microcontact printed onto no. 1 1/2-22 
mm square coverslips (Corning). Cover slips were cleaned [38] and functionalized with 1% 
aminopropyltriethylsilane (Fisher Scientific, Hampton, New Hampshire, USA) in 10mM acetic 
acid (Alfa Aesar, Ward Hill, MA, USA) and 6% glutaraldehyde (Electron Microscopy Sciences, 
Hatfield, PA, USA) in phosphate buffered saline (PBS) without calcium and magnesium (Gibco). 
Polydimethylsiloxane (PDMS) stamps were made by mixing 184 Silicone Elastomer Base (Dow 
Corning, Midland, MI, USA) with its curing agent in a 10:1 weight ratio and then allowing it to 
spread on top of a silicon master fabricated at the Minnesota Nanocenter (University of 
Minnesota, Minneapolis, MN, USA). The master coated with PDMS was exposed to a vacuum to 
remove any air bubbles and then cured for 1hr at 60°C. PDMS stamps were sonicated in double 
distilled water and in 100% ethanol. A 200µl collagen solution of 60µg/ml collagen I in 0.5M 
acetic acid was applied to each stamp. After 40min incubation, the collagen solution was 
removed and then the stamp was placed on the functionalized coverslip and allowed to incubate 
for 15min. Later, the stamp was removed generating lines 3µm in width spaced 3µm apart 
(Figure 4.1C). [15]  
The third substrate involved generating a grating. Shallow and deep gratings containing 
ridges and grooves (shallow: 0.1µm deep with 1.5µm pitch and deep: 3µm deep with 6µm pitch, 
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Figure 4.1D-H) were prepared from CD-Rs and the masters used for µCP mentioned above. 
Commercial CD-Rs consist of layers including polycarbonate, dye, gold, lacquer and polymer 
coatings. A thin layer (50-100nm) of gold is coated on the dye and polycarbonate layers which 
have a spiraling pregroove. To expose the pregroove, the lacquer and polymer coatings on the 
CD-Rs were removed. [39] The CD-Rs were cut to size first and then immersed in concentrated 
nitric acid (Sigma) for 4min. The lacquer and polymer coatings delaminated spontaneously, 
exposing the gold grating. Then the CD-R pieces were washed with deionized water and ethanol 
several times and dried with nitrogen gas. The prepared grating topography was transferred to 
PDMS as was done for the µCP and cells were plated on the PDMS generated grating. Gratings 
were inverted on a 150µl collagen solution of 3µg ml-1 collagen I in 0.5M acetic acid. 
The final substrate involved assembling aligned collagen fibrils on atomically smooth mica. 
Collagen fibrils were epitaxially grown on 15mm x 15mm pieces of muscovite mica (highest 
grade VI, Ted Pella, Redding, CA, USA) that were freshly cleaved using tape. [22] Collagen 
type I was diluted (10µg/ml) in the buffer solution consisted of 50mM Tris-HCl (Fisher 
Scientific) and 200mM KCl (Fisher Scientific) at pH 9.2. After incubation of 6-18hrs the 
collagen solution was washed with deionized water, the mica was laid against the edge of a 
tissue culture dish and the mica was allowed to dry overnight and was used the next day. This 
protocol generated aligned collagen fibrils over the entire mica substrate (Figure 4.1A&B). 
Characterizing substrates 
A Dimension 3100 scanning probe microscope with Nanoscope IV controller (Veeco 
Metrology, LLC, Santa Barbara, CA) was used to obtain height images of collagen fibrils on 
mica. Imaging was conducted in tapping mode using silicon TESP7 AFM tips (Veeco Metrology, 
LLC, Santa Barbara, CA) with a spring constant of ~79 N/m and resonance frequency of ~ 269 
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kHz. Collagen fibrils were marked through attachment of 40nm carboxylate-functionalized 
polystyrene spheres with embedded fluorophore (580/605) (Molecular Probes, Eugene, OR, 
USA) diluted into PBS. Aligned fibrils on a mica substrate were incubated with the fluorescent 
spheres for 1hr. After the sample was dried at room temperature, the fluorescent spheres were 
imaged by epifluorescence using at 10× (NA 0.5, Nikon, Tokyo, Japan) with a charge-coupled 
device (CoolSNAP HQ2, Photometrics, Tucson, AZ, USA) attached to an inverted microscope 
(Ti-E, Nikon) that was driven by Manager. [41] A P-7 Stylus Profiler (KLA Tencor 
corperation, Milpitas, California, USA) was utilized to perpendicularly scan the line of shallow 
and deep gratings. 
Live cell imaging 
Cells were plated at 40,000-50,000 cells/ml in 2ml of media in 35mm dishes. MDA-MB-231 
cells were incubated for 2hrs supplemented with blebbistatin (Sigma Aldrich), ML-7 (Sigma 
Aldrich), Y-27632 (Calbiochem, Billerica, MA, USA), P5D2 β1 integrin blocking antibody 
(mouse mAb, ascites, from Mark Ginsberg, University of California, San Diego), [40] calyculin 
A (Santa Cruz Biotechnology, Dallas, TX, USA) and MnCl2 (Fisher) and MTLn3 cells were 
incubated for 12hrs with supplemented with calyculin A, MnCl2, Y-27632, and P5D2 on contact 
guidance cues in imaging media. Substrates with attached cells were inverted onto two strips of 
double sided tape attached to a microscope slide to generate a flow chamber. The chamber was 
filled with imaging media and sealed with a 1:1:1 mixture of vasoline, lanolin and paraffin wax. 
Chambers were imaged by phase contrast microscopy on a heated stage at 37°C every 2min for 
12hrs. Images were captured at 10× (NA 0.50, Nikon) as described above. 
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Cell centroids were identified and tracked manually using the MTrackJ plugins of ImageJ 
(National Institutes of Health, Bethesda, MD, USA). Cell speed and directionality were 
calculated over a time lag of 2min averaged over 12hrs as described in a previous paper. [15] 
Fluorescence imaging 
Cells were plated at 40,000-50,000 cells/ml in 2ml of media in 35mm dishes. MDA-MB-231 
cells with 1µM Y-27632 were incubated for 5 hours, MDA-MB-231 cells with 0.1µl/ml P5D2 
antibody were incubated for 12hrs and MTLn3 cells with 0.01nM calyculin A and 0.1mM MnCl2 
were incubated for 12 hours on highly aligned type I collagen fibrils, fixed with 4% 
paraformaldehyde (Fisher), permeabolized with 0.5% triton-X (Fisher) and stained for F-actin, 
pS19-myosin regulatory light chain (pS19-MRLC), and pY118-paxillin (pY118-Pax), a FA 
protein. F-actin was stained using alexa 488-phalloidin (Molecular Probes) and pS19-MRLC 
(mouse mAb, 1:50, 3675, Cell Signaling Technology, Danvers, Massachusetts, USA) and 
pY118-Pax (rabbit pAb, 1:100, 2541, Cell Signaling Technology, Danvers, Massachusetts, USA) 
were stained using antibodies. [42] The secondary antibodies were donkey anti-mouse Cy3 and 
anti-rabbit Cy5 antibody (715-165-150 & 711-175-152, 1:400, Jackson Immuno Research, West 
Grove, PA, USA). Fixed and stained cells were imaged by epifluorescence using a 20× air 
objective (NA 0.45, Nikon) and a 60× oil objective (NA 1.49, Nikon) on the same microscope as 
described above. 
Fluorescence intensity was calculated using home build macros in ImageJ (National 
Institutes of Health). Whole cell raw fluorescence intensity was calculated by adjusting the 
threshold of a population of cells in one image (20×) or one cell (60×), outlining them and 
logging the average thresholded intensity. The local background was calculated from the average 
grey value of bands around each thresholded cell. Fluorescence was calculated as the difference 
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between whole cell raw fluorescence and background fluorescence. Stress fiber and FA raw 
fluorescence intensity was calculated by first generating a stress fiber or FA mask using the F-
actin or pY118-Pax images, respectively. Images were background subtracted using a rolling ball 
radius method (2 pixels) and a threshold was adjusted to clearly visualize stress fibers or FAs, 
which were logged as regions of interest (ROIs). These ROIs were used to make a mask that 
defined regions in the pS19-MRLC image to compute the stress fiber or FA raw fluorescence 
intensity. The average length to width ratio of stress fibers was computed by fitting ellipses to 
each stress fiber and computing the average for each condition. Background fluorescence was 
calculated around the cell as described above and fluorescence was calculated as the difference 
between whole cell raw fluorescence and background fluorescence. 
Confocal imaging was carried out using 63× (NA 1.40, Leica Microsystems, Exton, PA, 
USA) on a SP5X MP confocal microscope (Leica Microsystems). Z-slices were taken at 0.42μm 
steps. Stacks of F-actin and pMRLC images were analyzed in Image J. They were first filtered 
using a mean filter. Contrast was adjusted to scale F-actin and pMRLC intensity similarly and 
the F-actin and pMRLC channels were merged. Voxel depths in image properties were changed 
to the slice distance and orthogonal views were produced in the xz- and yz-planes. 
Statistics 
The number of experiments and cells were stated in all the figure legends. At least three 
independent experiments were conducted. In general, means were calculated with error bars 
representing 95% confidence intervals. Differences between control and perturbation 
experiments were determined using a two-tailed student’s t-test and significance was assigned 
when p < 0.05. Predicted dual perturbation 95% confidence intervals were calculated by 
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summing the standard deviations of each perturbation and calculating a t-value with a weighted 
average of the total number of experiments. 
4.3 Results 
Diverse contact guidance cues elicit distinct migration responses 
It has been shown that contact guidance drives cell migration along the long axis of aligned 
ECM fibers or fiber mimics. While several methods have been used to present contact guidance 
cues, a direct comparison between methods is lacking. Consequently, we compared a 
topographical cue (gratings) and a chemical cue (µCP lines of collagen) to highly aligned 
epitaxially grown collagen fibrils (Figure 4.1). We chose to examine two breast cancer cell lines 
(MDA-MB-231 and MTLn3 cells) (Figure 4.2). These cells have distinct migration modes in 3D 
(Figure 4.2B) [30, 43] and engage in contact guidance on aligned collagen fibrils with 
dramatically different fidelity. [22] MDA-MB-231 cells elongate on most contact guidance cues 
and often times exhibit bifurcated extensions (Figure 4.2A). MTLn3 cells on the other hand only 
elongate on µCP lines of collagen and usually exhibit a much more spread phenotype with one 
broad protrusion (Figure 4.2A). We quantified both the contact guidance fidelity by calculating 
the directionality of movement (Figure 4.2C), which is the projection of movement in the 
direction of the contact guidance cue and the migration speed (Figure 4.2D). Migration on 
uniform surfaces of collagen result in low values of directionality and approximately equal 
speeds in both cell lines. The strength of each contact guidance cue differs. Shallow gratings 
induce weak contact guidance, whereas deep gratings induce high contact guidance. Both grating 
conditions resulted in relatively high cell speed. µCP lines of collagen induce strong contact 
guidance in a similar fashion to deep gratings. Neither gratings nor µCP result in large 
differences in directionality between MDA-MB-231 and MTLn3 cells. On highly aligned 
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collagen fibrils, the contact guidance response was intermediate. Interestingly, MDA-MB-231 
cells had almost a three-fold higher directionality than MTLn3 cells on highly aligned collagen 
fibrils (p < 0.05), while at the same time migrating at roughly the same speed (Figure 4.1C and 
D). Given these differences between MDA-MB-231 and MTLn3 cells in contact guidance on 
highly aligned collagen fibrils, we were interested in determining why these cells respond 
uniquely to one particular directional cue. 
 
Figure 4.1 Length Dimensions of different substrates. (A) Epitaxially grown, aligned collagen fibril image 
taken using atomic force microscopy. Calibration bar length = 200nm. (B) aligned collagen fibrils binding 
carboxylate-functionalized 40nm polystyrene fluorescent spheres and imaged under fluorescence 
microscopy. (C) μCP of alexa 555 collagen. Phase contrast imaging of a (D) shallow grating and (E, F) 
deep grating taken through the substrate (D, E) and of a slice of substrate laid on its edge (F). Calibration 
bar length = 30μm (D, E) or 5μm (F). 
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Figure 4.2 Migration of MDA-MB-231 and MTLn3 cells on three different contact guidance substrates. 
(A) Schematics of different contact guidance cues (center). Phase contrast images of MDA-MB-231 (left) 
and MTLn3 (right) cells at different time points during migration. Calibration bar length = 30μm. (B) 
Morphology of MDA-MB-231 and MTLn3 cells in a 2mg/ml 3D collagen gel. Migration (C) 
directionality and (D) speed of MDA-MB-231 and MTLn3 cells. Uni: Uniform, SG: Shallow grating, DG: 
Deep grating, AF: epitaxially grown aligned collagen fibrils, μCP: microcontact printed collagen 
(Nexperiments ≥ 3 and Ncells per experiment ≥ 50). Error bars are 95% confidence intervals. Solid black lines 
indicate that the means are statistically significant (p < 0.05 using two-tailed student’s t-test). 
Contractility and adhesion are regulators of migration mode-dependent contact guidance 
efficiency 
Several studies have shown that modulating contractility and adhesion through Rho-family 
GTPases and integrin activation engenders plasticity to cells, allowing them to switch between 
migrational modes. [25, 29, 44] In addition, MDA-MB-231 and MTLn3 cells exert different 
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traction forces on their surroundings. [30, 45, 46] Traction force is intimately tied to both 
contraction and adhesion. Consequently, contractility and adhesion likely play roles in 
determining contact guidance efficiency between cells of different migration modes. Because 
MDA-MB-231 cells exert more traction force, we sought to decrease either the contractility or 
adhesion. Conversely, MTLn3 cells exert less traction force, so we sought to increase either the 
contractility or adhesion. Therefore, MDA-MB-231 cells on highly aligned collagen fibrils were 
treated with blebbistatin (myosin II inhibitor, [47]), ML-7 (myosin light chain kinase inhibitor), 
[48] Y-27632 (Rho kinase inhibitor), [49] or P5D2 antibody (β1-integrin adhesion inhibitor), [40] 
(Figure 4.3 & 4.4). MTLn3 cells on the same substrates were treated with calyculin A (myosin 
phosphatase inhibitor), [50] or MnCl2 (integrin activator), [51] (Figure 4.5 & 4.6). We examined 
contact guidance behavior as well as the spatial distribution and abundance of actomyosin 
cytoskeletal and FA markers, namely F-actin, MRLC S19 phosphorylation (pS19-MRLC) and 
paxillin pY118 phosphorylation (pY118-Pax). F-actin and pS19-MRLC tended to localize on 
stress fiber structures in both MDA-MB-231 and MTLn3 cells, although there were some areas 
were F-actin showed brighter staining than pS19-MRLC (lamellipodial extensions) or where 
pS19-MRLC showed brighter staining than F-actin (lamella regions) (Figure S4.1). 
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Figure 4.3 Migration after decreasing contraction or adhesion in a mesenchymal mode migrator. MDA-
MB-231 cells on aligned collagen fibrils in the presence of contractility inhibitors (blebbistatin, ML-7, Y-
27632) or a β1 integrin adhesion inhibitor (P5D2 antibody). (A) Schematic of motility modes and contact 
guidance response. (B) Phase contrast images of MDA-MB-231 cells at different time points during 
migration in the presence of inhibitors. Calibration bar length = 30μm. Migration (C) directionality and 
(D) speed of MDA-MB-231 cells in the presence of inhibitors (Nexperiments ≥ 3 and Ncells per experiment ≥ 60). 
MDA-MB-231 cells on aligned collagen fibrils and treated with either Y-27632 (1 μM) or P5D2 antibody 
(0.1 μl/ml) were stained for (E) F-actin, (F) pS19-MRLC and (G) pY118-Pax. Images were taken using 
epifluorescence microscopy. Whole cell average grey value was calculated. Error bars are 95% 
confidence intervals. Solid black lines indicate that the means are statistically significant (p < 0.05 using 
two-tailed student’s t-test). 
We first examined MDA-MB-231 cells with decreased contractility. Our approach was to use 
sub-maximal inhibitor concentrations, allowing us to tune the contractility in small increments, 
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but also to limit off target effects. ROCK seems to be unique in its effect on contact guidance 
(Figure 4.3C). The only perturbation that affects cell speed was blocking myosin II activity using 
blebbistatin (Figure4.3D). Doses of blebbistatin above 30µM completely inhibit cell migration 
(data not shown), precluding our ability to calculate directionality. Blocking MLCK or myosin II 
activity diminishes directionality only slightly (Figure 4.3C). On the other hand, blocking ROCK 
with sub-maximal doses of Y-27632 dramatically diminishes the directionality, while not 
affecting speed to a great extent (Figure 4.3C and D), demonstrating that directionality and speed 
have different dose responses. In addition, we tested whether adhesion modulation regulates 
migration directionality. Submaximal doses of P5D2, a β1 integrin blocking antibody, decreases 
cell directionality, but not cell speed. This mimics what is seen with ROCK inhibition. Both 
ROCK inhibition and β1 integrin blocking result in lower whole cell F-actin content, pS19-
MRLC and pY118-Pax (Figure 4.3E-G). These perturbations also result in shorter and less dense 
F-actin bundles (Figure 4.4C and D) and less pS19-MRLC localized to stress fibers and FAs 
(Figure 4.4E & G). Finally, pY118-Pax at FAs is also decreased (Figure 4.4F). Given that 
decreases in ROCK-mediated contractility and β1 integrin-mediated adhesion result in decreased 
directionality in mesenchymal mode MDA-MB-231 cells, we decided to increase contractility 
and adhesion in amoeboid cells to see if a mirrored result could be generated. 
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Figure 4.4 Phosphorylated MRLC and paxillin after decreasing contraction or adhesion in a mesenchymal 
mode migrator. MDA-MB-231 cells on aligned collagen fibrils in the presence of a contractility inhibitor 
(Y-27632, 1μM) or a β1 integrin adhesion inhibitor (P5D2 antibody, 0.1μl/ml). (A) Epifluorescence 
images of MDA-MB-231 cells stained for F-actin (top), pS19-MRLC (middle) and pY118-Pax (bottom). 
Overlays of F-actin and pS19-MRLC or pY118-Pax and pS19-MRLC are included. Zoomed region is 
indicated by the white box and is shown to the right. Calibration bar length = 30μm. (B) Sample images 
showing segmented F-actin bundles and FAs. (C) Average aspect ratio of F-actin bundles. (D) Mean grey 
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value of segmented F-actin bundles. (E) Mean grey value of pS19-MRLC within regions on F-actin 
bundles. (F) Mean grey value of pY118-Pax on segmented FAs. (G) Mean grey value of pS19-MRLC on 
segmented FAs. (Nexperiments ≥ 3 and Ncells per experiment ≥ 26). Error bars are 95% confidence intervals. Solid 
black lines indicate that the means are statistically significant (p < 0.05 using two-tailed student’s t-test). 
 
Figure 4.5 Migration after increasing contraction or adhesion in an amoeboid mode migrator. MTLn3 
cells on aligned collagen fibrils in the presence of contractility enhancer (calyculin A (cA), 0.01nM) or 
integrin activator (MnCl2, 0.1mM). (A) Schematic of motility modes and contact guidance response. (B) 
Phase contrast images of MTLn3 cells at different time points during migration in the presence of 
enhancers. Calibration bar length = 30μm. Migration (C) directionality and (D) speed of MTLn3 cells in 
the presence of enhancers (Nexperiments ≥ 3 and Ncells per experiment ≥ 90). MTLn3 cells on aligned collagen 
fibrils and treated with either cA or MnCl2 were stained for (E) F-actin, (F) pS19-MRLC and (G) pY118-
Pax and images were taken using epifluorescence microscopy. Whole cell average grey value was 
calculated. Error bars are 95% confidence intervals. Solid black lines indicate that the means are 
statistically significant (p < 0.05 using two-tailed student’s t-test). 
MTLn3 cells were treated with a contractility enhancer, calyculin A, a myosin phosphatase 
inhibitor that enhances MRLC phosphorylation. High doses of calyculin A are toxic and arrest 
migration (Figure 4.8B and data not shown), but lower doses increase directionality by almost 
two-fold (Figure 4.5C). Migration speed is only decreased by ~20% (Figure 4.5D). Similar to 
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MDA-MB-231 cells the dose response of directionality in response to contractility is different 
than that for speed in MTLn3 cells. Additionally, when adhesion is enhanced by adding MnCl2, 
which activates integrins and increases their affinity towards their ligands, MTLn3 directionality 
increases (Figure 4.5C). Migration speed is unaffected (Figure 4.5D). Changing the contractility 
and adhesion with submaximal doses of either calyculin A or MnCl2 results in no large changes 
in whole cell pS19-MRLC or pY118-Pax level (Figure 4.5F-G). However, stress fibers appear 
robustly in MTLn3 cells treated with either calyculin A or MnCl2 (Figure 4.6A-D). In addition, 
the pS19-MRLC level on stress fibers increases as well as the pY118-Pax levels in FAs (Figure 
4.6E-G). 
Decreasing contractility or adhesion in MDA-MB-231 cells results in diminished 
directionality and increasing contractility or adhesion in MTLn3 cells results in enhanced 
directionality. Speed is unaffected. However, we were interested if MDA-MB-231 cells could be 
made more directional and MTLn3 cells could be made less directional on aligned fibrils. 
Consequently, we used calyculin A and MnCl2 to enhance contractility and adhesion in MDA-
MB-231 cells (Figure S4.2A). Directionality is enhanced, but speed is diminished. However, Y-
27632 and P5D2 antibody treatment of MTLn3 cells do not affect directionality or speed (Figure 
S4.2B). 
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Figure 4.6 Phosphorylated MRLC and paxillin after increasing contraction or adhesion in an amoeboid 
mode migrator. MTLn3 cells on aligned collagen fibrils in the presence of a contractility enhancer (cA, 
0.01nM) or integrin activator (MnCl2, 0.1mM). (A) Epifluorescence images of MTLn3 cells stained for F-
actin (top), pS19-MRLC (middle) and pY118-paxillin (bottom). Overlays of F-actin and pS19-MRLC or 
pY118-Pax and pS19-MRLC are included. Zoomed region is indicated by the white box and is shown to 
the right. Calibration bar length = 30μm. (B) Sample images showing segmented F-actin bundles and FAs. 
(C) Average aspect ratio of F-actin bundles. (D) Mean grey value of F-actin on segmented F-actin 
bundles. (E) Mean grey value of pS19-MRLC within regions delineated by segmented F-actin bundles. (F) 
Mean grey value of pY118-Pax on segmented FAs. (G) Mean grey value of pS19-MRLC within regions 
delineated by segmented FAs (Nexperiments ≥ 3 and Ncells per experiment ≥ 27). Error bars are 95% confidence 
intervals. Solid black lines indicate that the means are statistically significant (p < 0.05 using two-tailed 
student’s t-test). 
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Contractility and adhesion inhibition have a synergistic effect on speed, but additive or 
saturated effect on directionality 
In Figure 4.3, we showed evidence that inhibiting ROCK-mediated contractility or β1 
integrin-mediated adhesion in MDA-MB-231 cells diminishes directionality. However, we were 
also interested in how simultaneous changes in contractility and adhesion affect cell migration. 
Here, we propose three possibilities to describe the response of dual perturbations (Figure 
S4.3A). The change in level of the cell response (migration directionality or speed) between 
control and inhibition 1 in isolation and control and inhibition 2 in isolation is denoted by I1 and 
I2, respectively (Figure S4.3A). The predicted change in cell response when two perturbations 
are used simultaneously is I1 + I2. If the response is addictive, the predicted response should 
match the measured response. If the response is synergistic, then the predicted level will be 
larger than experimental level. Saturated cell responses occur when the predicted level is smaller 
than the expected level. Since maximum concentrations of inhibitors completely blocked cell 
migration (data not shown), precluding our ability to calculate directionality, we probed sub-
maximum concentrations that perturbed directionality, but kept speed roughly unchanged. Thus, 
we investigated dose responses of Y-27632 or P5D2 antibody on MDA-MB-231 cells (Figure 
4.7A-D). At higher concentrations of Y-27632 (0.5µM) cell directionality decreases to untreated 
levels (black bars, Figure 4.7A), but larger concentrations of Y-27632 (1µM) dramatically 
decreases cell directionality (gray bar, Figure 7A). Maximally disrupting ROCK activity (10µM 
Y-27632, white bar) decreases directionality to the same extent as 1µM Y-27632 (Figure 4.7A). 
Because the dose response of directionality and speed were different, we defined a dose as a low 
dose if it does not interrupt either directionality or speed (black bars). We defined a dose as a 
submaximal dose if it interrupts directionality, but not speed (grey bars). Finally, maximal doses 
interrupt both directionality and speed (white bars). We then treated MDA-MB-231 cells with 
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intermediate or sub-maximal concentrations of Y-27632 and P5D2 antibody and analyzed cell 
speed and directionality. After blocking ROCK and β1 integrin adhesion with low doses of Y-
27632 and P5D2 antibody or a low dose of Y-27632 and submaximal dose of P5D2 antibody, 
cell directionality exhibits an additive relationship, because no difference is seen between the 
predicted and experimental levels. Only when two sub-maximal doses are used does a saturated 
response ensue (Figure 4.7E). This represents a lower bound on changing directionality through 
contraction or adhesion that is well above 0. Interestingly, blocking ROCK and β1 integrin 
adhesion with low or submaximal doses of Y-27632 and P5D2 antibody produces synergistic 
effects on speed (Figure 4.7F). 
 
Figure 4.7 Simultaneously tuning contractility and adhesion in a mesenchymal mode migrator. MDA-
MB-231 cells on aligned collagen fibrils in the presence of single inhibitor (Y-27632 or P5D2) or 
combination of inhibitors (Y-27632 and P5D2). Migration (A) directionality and (B) speed of MDA-MB-
231 cells in the presence of only Y-27632. Migration (C) directionality and (D) speed of MDA-MB-231 
cells in the presence of only P5D2. Migration (E) directionality and (F) speed of MDA-MB-231 cells in 
the presence of both Y-27632 and P5D2. Black bars are conditions that show similar migration 
directionality and speed as compared to control. Grey bars are conditions that show different migration 
directionality, but similar migration speed as compared to control. White bars are conditions that show 
different migration directionality and speed as compared to control. Predicted (P) values for migration 
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directionality and speed under dual perturbations are calculated from the single cue experiments and are 
marked with dashed lines. Experimental (E) values for migration directionality and speed under dual 
perturbations are marked with solid lines. (Nexperiments ≥ 3 and Ncells per experiment ≥ 60). Error bars are 95% 
confidence intervals. Predicted dual perturbation 95% confidence intervals are propagated from the single 
perturbation experiments. Black lines indicate that the means for different conditions are statistically 
significant. Statistical significance was determined for p < 0.05 using two-tailed student’s t-test. 
Contractility and adhesion enhancers have an additive or saturated effect on both 
directionality and speed 
When a perturbation enhances a response, the definitions for synergistic and saturated are 
inverted. The change in level of the cell response between control and enhancer 1 in isolation 
and control and enhancer 2 in isolation is denoted by E1 and E2, respectively (Figure S4.3B). The 
predicted change in cell response when two perturbations were used simultaneously is E1 + E2. If 
the response is addictive, the predicted response should match the measured response. If the 
response is synergistic, then the predicted level will be smaller than the experimental level. 
Saturated cell responses occur when the predicted level is larger than the expected level. For the 
same reasons described above we probed sub-maximum concentrations that perturbed 
directionality, but kept speed unchanged. Thus, we investigated dose responses of calyculin A or 
MnCl2 on MTLn3 cells (Figure 4.8A-D). Mildly enhancing contractility (black bars, 0.001nM 
calyculin A) does not change MTLn3 cell directionality. At 0.002nM calyculin A (gray bars), 
cell directionality quantitatively increases, while speed remains roughly constant. At higher 
concentrations of 0.01nM calyculin A (white bars), cell directionality increases further, but 
migration speed also decreases. Calyculin A concentrations above 0.01nM were not assessed due 
to cell toxicity or complete inhibition of cell migration. Low doses, submaximal and maximal 
doses are defined as mentioned above. Enhancing contractility and adhesion with intermediate 
doses of calyculin A and MnCl2 results in additive cell directionality. Only when a maximal and 
submaximal dose of calyculin A and MnCl2 were combined is a saturated directionality response 
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observed (Figure 4.8E and F). Again, directionality appears to reach a saturating level that is well 
below the maximum of 1. Speed on the other hand is additive (Figure 4.8E and F). 
 
Figure 4.8 Simultaneously tuning contractility and adhesion in an amoeboid mode migrator. MTLn3 cells 
on aligned collagen fibrils in the presence of single activator (calyculin A or MnCl2) or combination of 
inhibitors (calyculin A and MnCl2). Migration (A) directionality and (B) speed of MTLn3 cells in the 
presence of only calyculin A. Migration (C) directionality and (D) speed of MTLn3 cells in the presence 
of only MnCl2. Migration (E) directionality and (F) speed of MTLn3 cells in the presence of both 
calyculin A and MnCl2. Black bars are conditions that show similar migration directionality and speed as 
compared to control. Grey bars are conditions that show different migration directionality, but similar 
migration speed as compared to control. White bars are conditions that show different migration 
directionality and speed as compared to control. Predicted (P) values for migration directionality and 
speed under dual perturbations are calculated from the single cue experiments and are marked with 
dashed lines. Experimental (E) values for migration directionality and speed under dual perturbations are 
marked with solid lines (Nexperiments ≥ 3 and Ncells per experiment ≥ 90). Error bars are 95% confidence intervals. 
Predicted dual perturbation 95% confidence intervals are propagated from the single perturbation 
experiments. Black lines indicate that the means for different conditions are statistically significant. 
Statistical significance was determined for p < 0.05 using two-tailed student’s t-test. 
4.4 Discussion 
In this paper we show that the way in which contact guidance cues are presented robustly 
controls the directional fidelity of cancer cells. Shallow gratings are relatively weak directional 
cues, whereas deep gratings and µCP lines of collagen are potent. Epitaxially grown, aligned 
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collagen fibrils result in intermediate potency, but result in differences between two model breast 
cancer cell lines: MDA-MB-231 and MTLn3 cells. Small decreases in ROCK-mediated 
contractility or β1 integrin-mediated adhesion (Figure 4.9B, blue oval with black circles) 
decreases directional fidelity in MDA-MB-231 cells (mesenchymal), whereas small increases 
(Figure 4.9A, yellow oval with black circles) increases directional fidelity. On the other hand, 
small decreases in ROCK-mediated contractility or β1 integrin-mediated adhesion (Figure 4.9B, 
blue oval with gray squares) does not affect directionality greatly in MTLn3 cells (amoeboid), 
but does decrease speed, whereas small increases (Figure 4.9A, yellow oval with gray squares) 
increases directionality and decreases speed. Inhibiting contractility or making large decreases in 
ROCK-mediated contractility diminishes both speed and directionality in MDA-MB-231 cells 
(Figure 4.9A, purple oval). Interestingly, the level of phosphorylation of pS19-MRLC in stress 
fibers and pY118-Pax in FAs appear to predict cell directionality (Figure 4.9C and D). These 
same conditions do not result in large changes in cell speed (Figure 4.9E and F), indicating that 
directionality correlates sensitively to changes in ROCK-mediated myosin contractility and 
paxillin phosphorylation. When both contractility and adhesion are tuned the resultant 
directionality is often additive, i.e. the result was the sum of the changes seen in each single 
perturbation. Saturation is also observed indicating that there are limits in the ability to tune 
contact guidance fidelity in different cell types by altering contractility and adhesion. Migration 
speed on the other hand, is either additive or synergistic. 
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Figure 4.9 Schematic showing directionality and speed dependence on contractility and adhesion across 
different cell lines. (A and B) Migration directionality as a function of migration speed across different 
cell lines and perturbations. Colored regions represent classes of similar perturbations (Yellow: 
contractility and adhesion increases, Purple: large changes in contractility and Blue: contractility and 
adhesion decreases). Migration (C and D) directionality and (E and F) speed in MDA-MB-231 cells 
(black) and MTLn3 (grey) cells as a function of contractility and adhesion as measured by pS19-MRLC 
(contractility) and pY118-Pax (adhesion) signals. Axes ranges are not explicitly defined, but are function 
of the migration directionality, migration speed or staining intensity. Error bars are 95% confidence 
intervals. 
Potency of contact guidance cues in directing cell migration 
Numerous approaches have been used to study contact guidance in vitro. However, these 
contact guidance cues could either be potent or weak, so much work has focused on what 
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features of the cue enhance or degrade contact guidance fidelity. On gratings cell alignment 
percentage or average directionality increases with increased pitch size (ridge + groove width), 
but more sensitively with increased groove depth. The feature size used in this paper matches 
previously work [10, 11, 52, 53] on non-cancer cells. Directionality from cell migration tracks 
was not assessed in any of these studies, but static images were used to calculate the percentage 
of cells aligned to within 10°. This percentage was 60% for fibroblasts and 10-20% for epithelial 
cells. The cell directionality was greater than 0.9 for fibroblasts, whereas endothelial and smooth 
muscle cells showed a directionality of 0.3, indicating that the phenotypes of the cancer cells 
examined in this paper lie closer to the endothelial or smooth muscle cells. More contractile cells 
like fibroblasts seem to engage in higher fidelity contact guidance than less contractile cells like 
epithelial cells. [9, 52-55] In addition to gratings, µCP has been used as a contact guidance cue. 
The average directionality increases with increased line period [56, 57], spacing [15, 16] and 
adhesiveness. [15, 16] The directionality of MTLn3 cells in this study matches well with what 
we have seen previously. [15] When comparing gratings to µCP lines of ECM, others have 
shown that gratings are less potent than lines at dimensions that approximately match ours, [58] 
whereas larger dimensions show that gratings are more potent. [59] We show that indeed 
potency depends on grating depth, but under the conditions that we probed no cell type 
differences were found. 
However, only when we used epitaxially grown, aligned collagen fibers did we observe large 
differences between cell lines. First, it is possible that tuning either the gratings to be more potent 
or the µCP lines to be less potent would result in similar cell type differences. Indeed, others 
have seen cell type differences on gratings. [9, 52-55] Potency of the contact guidance cue is an 
important factor for in vitro studies. Directed migration in vivo often does not occur with high 
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fidelity, because of noise in the directional signal. This noise can lead to dramatically different 
directional sensing outputs, [60] so intermediate potencies are likely more appropriate 
environments. Second, it is possible that the structure of collagen is important. Epitaxially grown, 
aligned collagen fibers form D-bands structures with periodic gaps and overlap regions that 
match well with collagen structures in vivo. [20] However, both µCP lines of collagen and 
gratings are coated with heterotrimeric unpolymerized collagen. Cells might be able to sense D-
banding, thus increasing directional fidelity. [21] Third, it is possible that the mechanical 
properties govern this difference. Both gratings and µCP lines of collagen are stiff. However, 
epitaxial collagen assembled onto mica is only weakly attached to the surface and fibrils can be 
remodeled through cell traction force. Future work will be focused on transferring collagen fibers 
to flexible substrates and examining the role of mechanics in governing contact guidance in these 
systems. 
Myosin phosphorylation on stress fibers and paxillin phosphorylation in adhesions as 
mediators of contact guidance 
Others have shown that contact guidance depends on myosin contractility. Inhibiting myosin 
contractility decreases alignment in smooth muscle cells, [32] endothelial cells, [34] MTLn3 
cells [15] and neurons. [37, 61] Interestingly, contact guidance of T cells seems to be unaffected 
by decreases in contractility. [62] This is consistent with the fact that T cells exert weak traction 
forces. This observation agrees largely with our data showing that MTLn3 directionality does not 
decrease below the control condition in response to decreases in contractility or adhesion (Figure 
4.9A and B) and further suggests that additional factors set the ranger over which cells can tune 
their directionality on contact guidance cues. In our previous work, MTLn3 cell directionality 
did decrease in response to decreases in contractility, but this was on a much more potent contact 
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guidance cue, µCP lines of collagen. [15] The Rho/ROCK pathway seems to be the determining 
factor for directional fidelity in osteoblasts, [33] endothelial, [34] stem cells [33] epithelial cells 
[35, 36] and neuron cells [37] and both increases and decreases can tune up or down the 
alignment of cells. [35] The Rho/ROCK pathway also appears to control contact guidance in 3D. 
[6] Other Rho GTPases like Cdc42 or Rac [35, 36] and other myosin kinases like MLCK are 
unimportant. [37] The dependence of directionality on Rho/ROCK is distinct to 1D, 2D or 3D 
random migration systems, where Rac seems to be the driver of “directional migration” or 
persistence. [63] Furthermore, in random motility others have shown a correlation between speed 
and directional persistence. [64] However, we observe that directionality and speed are not 
highly correlated (Figure 4.9A and B). In random motility systems, polarization acts to enhance 
speed, such that as directionality increases, speed increases as well through an F-actin retrograde 
flow-dependent mechanism. Contact guidance likely relies on extrinsic polarity that is brought 
about through the formation of contractile stress fibers templated by the aligned collagen fibers 
and that operates differently than intrinsic polarity present during random migration. 
In comparison to contractility, there have been fewer studies examining the requirements of 
adhesion during contact guidance. Recently, β1 integrin was shown to be important in confined 
migration [65] and β1 integrin is important in generating traction forces. [24] Both of these lines 
of evidence indicate a role for β1 integrin during contact guidance. In addition, others have 
shown that contact guidance fidelity is dependent on FA maturation, [31] which was assayed 
through morphological analysis of FAs, but no compositional analysis was performed. Paxillin 
phosphorylation can mark FA maturation, but it also marks FAs with high turnover, allowing 
cells to pull up FAs oriented away from the direction of the contact guidance cue leading to 
enhanced orientation along the contact guidance cue. [32] In addition to contact guidance, 
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paxillin regulates durotaxis. [66] In particular, inhibition of the phosphorylation of Y118 
abrogates durotaxis by inhibiting force fluctuations at FAs. While contact guidance is not the 
same as durotaxis it does share some features, [67] particularly in the context of epitaxially 
grown, aligned collagen fibers. Cells can deform the collagen fibrils attached to the mica. The 
observed stiffness in the longitudinal direction is likely higher than that in the perpendicular 
direction. This could be thought of as setting up a circumferential gradient in observed stiffness 
based on the orientation of the cells, forcing cells to turn towards the stiffer direction, i.e. the 
longitudinal direction. This could explain similarities in the contractile and adhesion apparatus 
used in contact guidance and durotaxis. 
Contractility and adhesion balancing regulate contact guidance 
While both ROCK-mediated contractility and β1 integrin-mediated adhesion appear to 
regulate contact guidance, their roles in controlling directionality are similar. We first posited a 
role for contractility in contact guidance from earlier work, [15] however this was on µCP lines 
that resulted in higher cell directionality. Our hypothesis was that while migration speed is a 
biphasic function of contraction and adhesion, directionality was more or less monotonic with a 
possible saturation point. Indeed, we observe saturating behavior for both MDA-MB-231 (Figure 
4.7) and MTLn3 (Figure 4.8), when combinations of larger perturbations are used. The current 
reason for this saturation behavior is not known, however it is not due to the stalling of migration. 
For small perturbations, the effects on contraction and adhesion are approximately additive, 
suggesting that both contractility and adhesion share in determining directionality through stress 
fiber formation brought on by MRLC phosphorylation. A recent modeling effort has examined 
dual perturbations in contractility (motor function) and adhesion (clutch function) in regulating 
the stiffness at which the maximum migration speed occurs. [68] Combinations of perturbations 
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of parameters that describe both the motor and clutch function cooperate to change the sensitivity 
of the optimal stiffness. We also see changes in speed under dual perturbations that are additive, 
but some are synergistic, i.e. the experimental response is more dramatic than the predicted 
response. Feedback between contractility and adhesion might allow sensitivity in regulating 
migration speed during contact guidance, even though smaller single perturbations seem to more 
dramatically affect directionality during contact guidance. 
We are beginning to understand the cytoskeletal structures, FA species and intracellular 
signaling that is intrinsic to different forms of directional migration. Non-overlapping structures 
and pathways seem to distinguish different directional sensing mechanisms. While chemotaxis, 
directed migration in response to a soluble gradient, appears to be dependent on Cdc42, [69] N-
WASP [70] and cofilin, [71] haptotaxis, directed migration in response to an insoluble matrix-
bound gradient, appears to be heavily dependent on Rac, Wave and Arp2/3. [72, 73] Durotaxis 
on the other hand requires the cycling of paxillin phosphorylation and FA force. [66] Finally, 
contact guidance requires ROCK-mediated contractility and results in changes in paxillin 
phosphorylation. Discovering the signaling pathways during each form of directed migration will 
further our ability to predict migrational responses in the environments including the TME were 
multiple directional cues are presented. 
4.5 Conclusion 
In this paper we show that the potency of different contact guidance cues varies dramatically. 
CP lines of collagen are highly potent, whereas gratings are less potent. Epitaxially grown, 
aligned collagen fibrils represent intermediate potency that illuminates differences among breast 
cancer cells with different migration mode. MDA-MB-231 cells (mesenchymal mode) sense 
contact guidance with high fidelity, but this directional fidelity can be decreased by inhibiting 
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ROCK-mediated contractility and β1 integrin-mediated adhesion. In contrast, MTLn3 cells 
(amoeboid mode) sense contact guidance with low fidelity, but this directional fidelity can be 
increased by enhancing contractility or activating integrins. Dual perturbations of contractility 
and adhesion result in additive changes in directionality, indicating that alterations in contraction 
and adhesion are interchangeable. Perturbations in contractility and adhesion that generate 
dramatic changes in directionality alter MRLC and paxillin phosphorylation slightly on a whole 
cell level, but much more intensely when localized to stress fibers and in FAs. MRLC 
phosphorylation on stress fibers and paxillin phosphorylation in FAs are poorly predictive of cell 
migration speed on contact guidance cues, but predict directionality well across different 
contractility and adhesion perturbations in two cell lines with distinct motility modes. 
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4.8 Supporting information 
 
Figure S4.1Confocal images of MDA-MB-231 and MTLn3. (A) Images at different z-positions (z-
distance between images is 0.84μm) for MDA-MB-231 cells (left) and MTLn3 cells (Right). Orthogonal 
view of F-actin (green) and pS19-MRLC (red) in (B) MDA-MB-231 cells and (C) MTln3 cells in xz- and 
yz- planes. Calibration bar length =10μm. 
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Figure S4.2 Enhancing contractility and adhesion in mesenchymal cells and inhibiting contractility and 
adhesion in amoeboid cells. Contractility and adhesion of MDA-MB-231 and MTLn3 cells on aligned 
collagen fibrils was tuned in the opposite direction as above. (A) Migration directionality (top) and speed 
(bottom) in MDA-MB-231 cells in the presence of a contractility enhancer (cA) and an integrin activator 
(MnCl2). (B) Migration directionality (top) and speed (bottom) in MTLn3 cells in the presence of a 
contractility inhibitor (Y-27632) and a β1 integrin adhesion inhibitor (P5D2 antibody) (Nexperiments ≥ 3 and 
Ncells per experiment ≥ 63). Error bars are 95% confidence intervals. Solid black lines indicate that the means 
are statistically significant (p < 0.05 using the student’s t-test). 
 
Figure S4.3 Schematic of relationship between experimental and predicted results for dual parameter 
changes in both contractility and adhesion. Cell response is either directionality or speed and can either be 
inhibited (A) or enhanced (B). (A) I1 and I2 are the differences between the untreated control and two 
different inhibitor treatments. (B) E1 and E2 are the differences between the untreated control and two 
different enhancer treatments. Different examples qualitative behavior (additive, synergistic or saturated) 
are shown to the right.  
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CHAPTER 5 DEGRADATION AND REMODELING OF EPITAXIALLY GROWN 
COLLAGEN FIBERS 
5.1 Introduction 
The migration of cells plays an important role in many pathological and physiological 
processes. Cancer cells are able to degrade basement membrane barriers and invade surrounding 
tissue and metastasize to other organs. Once cancer cells have penetrated the basement 
membrane, the tumor microenvironment (TME) presents directional cues like aligned collagen 
fibers, allowing for more efficient cell migration from the basement membrane towards blood 
and lymph vessels. Second harmonic generation (SHG) imaging and other imaging approaches 
have demonstrated that collagen is well aligned in the TME and is a critical marker of the 
invasive phenotype. [1, 2] Aligned collagenous extracellular matrix (ECM) directs migration 
during a process called contact guidance. In vitro environments that mimic the collagen 
organization of the TME are powerful tools to understand cell-ECM interactions in the TME. 
There have been numerous approaches to fabricate contact guidance cues in vitro. Collagen 
fibers have been oriented in 3D using flow, [3] magnetic fields, [4, 5] contractile cells, [6] 
rotational alignment, [7, 8] tension [9] and electrospinning. [10-12] However, these 
environments can be difficult to control and imaging cell migration within them can be 
challenging, particularly if subcellular information is sought. Consequently, 2D contact guidance 
environments that are easier to control and image through still hold value. In 2D environments, 
common techniques include, electrospinning, [10-12] fiber drawing, [13, 14] microcontact 
printing [15, 16] and generating grooves or gratings. [6, 17, 18] However, these techniques suffer 
from either not presenting natural fibers (many but not all electrospinning techniques or fiber 
drawing) or not presenting fibers at all (microcontact printing and gratings). Epitaxial growth of 
aligned collagen fibrils on mica [19] provides an approach by which to assemble aligned 
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collagen fibrils on a 2D surface. Cells engage in contact guidance on epitaxially grown collagen 
fibrils. [20] However, the robustness of the contact guidance differs among cells. [21] This 
diversity in response to this 2D contact guidance cue mimics behavior seen in 3D contact 
guidance cues and in mouse models for invasion and metastasis [22] and has been used as a 
substrate by which to assess the role of adhesion and contractility in tuning contact guidance 
fidelity. [23] 
Many of the ECM molecules used in the 2D contact guidance systems mentioned above are 
covalently attached to the substrate and consequently the contact guidance cue cannot be 
remodeled. However, cell-mediated ECM remodeling is at the heart of tissue morphogenesis and 
is a key feature of cells within the TME, where both cancer and stromal cells cooperate to 
remodel the ECM. During contact guidance, cells adhere to ECM by through integrins and 
generate traction force on ECM by coupling myosin II-mediated contractility to adhesion 
through different F-actin structures. Some of this force transmission is used to overcome 
adhesion to the substrate and pull up the tail of the cell. However, force transmission is also used 
to deform surrounding ECM, commonly resulting in ECM alignment. Different cells in the TME 
exert a different amount of force on the ECM leading to remodeling. For example, MTLn3 breast 
cancer cells generate less traction force than MDA-MB-231 breast cancer cells. [24-26] When 
the ECM in 2D contact guidance systems cannot be altered by the cell, there is a complete 
decoupling of contact guidance from ECM remodeling. On the one hand, this provides for a 
clean experiment whereby contact guidance can be assessed for a particular contact guidance cue. 
On the other hand, this shields the effects associated with ECM remodeling that may act to either 
amplify or degrade the contact guidance response to aligned collagen. Epitaxially grown and 
aligned collagen fibrils assembled onto mica attach modestly to the mica and can be relatively 
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easily rearranged by cells. [27] Consequently, they may reveal differences in contact guidance 
due to collagen fiber deformation that are not revealed by other contact guidance systems. [23] 
Not only do cells use myosin II-mediated contractile force to remodel the ECM, but they also 
degrade ECM through matrix metalloproteinase (MMP) activity. ECM degradation facilitates 
tumor cell invasion and metastasis, thus, MMPs are regarded as important regulators. MMP 
activity has traditionally been thought to be dispensable for cell migration on 2D surfaces, 
because the role of MMPs in 3D is to open ECM pores, allowing cells to more easily move 
through dense ECM networks, particularly those that are cross-linked. However, MMPs can also 
process a number of surface-bound or extracellular proteins including cell surface receptors and 
growth factors and cytokines. This has led to observations that MMP activity even affects cell 
behavior on 2D substrates. Indeed, we have shown that tissue inhibitors of matrix 
metalloproteinase activity (TIMPs) are able to modulate contact guidance in both 2D and 3D 
environments. One of the most important MMPs due to is requirement for cell migration in 3D 
ECM is MT1-MMP (MMP-14). MT1-MMP is a collagenase that acts to degrade ECM local to 
the cell and likely cooperates with myosin II-mediated contractility to degrade ECM. Indeed, it 
appears that contractile force generation is important in activating MT1-MMPs, other MMPs or 
degradative structures like invadopodia. While the local structure of collagen on epitaxially 
grown collagen fibril substrates has been assessed in response to perturbations in contractility 
and proteinase activity, the global structure of collagen fibrils over time and during contact 
guidance has not been determined. Furthermore, it is not known whether myosin II-mediated 
contractility or MMP-mediated proteinase activity acts to either amplify or dampen the contact 
guidance response. 
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In the paper, we find that high traction exerting cells (MDA-MB-231 cells) deform and 
remodel fibrils structures more dramatically than low traction force exerting cells (MTLn3 cells) 
by tracking fluorescent microspheres attached to epitaxially grown collagen fibrils on mica 
substrates. MDA-MB-231 cells stained for F-actin at different times showed that these cells pull 
collagen fibrils so hard that cells detach from substrate and form large aggregates, resulting in a 
decreased cell density. However, if cells were treated with a contractility inhibitor (blebbistatin), 
MMP inhibitors (marimastat, 3A2 MT1-MMP function blocking antibody) or both cell 
detachment was blocked. Blocking MMPs and MT1-MMP, specifically, appears to increase the 
alignment of cells on these substrates, whereas blocking contractility appears to decrease 
alignment. Collagen fibril orientation was assessed using second harmonic generation (SHG) 
imaging. MMPs partially degrade the collagen signal, but contractility is needed for a dramatic 
large-scale change in collagen fibril coverage. Finally, we compared cell alignment versus 
collagen fibril alignment and show that under control conditions, contact guidance is amplified 
by the cell, whereas blocking contractility or MMP activity acts to dampen the contact guidance 
signal, resulting in lower than expected cell alignment. This indicates that contractility and MMP 
activity both directly affect contact guidance and indirectly affect contact guidance through ECM 
remodeling. 
5.2 Material and Methods 
Cell Culture 
A human mammary basal/claudin low carcinoma cell line (MDA-MB-231, ATCC, Manassas, 
VA, USA) was cultured in Dulbecco’s Modified Eagles Medium (DMEM) (Sigma Aldrich, St. 
Louis, MO, USA) containing 10% fetal bovine serum (FBS) (Gibco, Grand Island, New York, 
USA) and 1% penicillin-streptomycin (pen-strep) (Gibco) at 37°C in 5% CO2. A rat mammary 
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basal adenocarcinoma cell line (MTLn3, Jeffrey E. Segall, Albert Einstein College of Medicine) 
was authenticated using IDEXX BioResearch (Westbrook, Maine, USA) and cultured in MEMα 
(Gibco) supplemented with 5% FBS (Gibco) and 1% pen-strep (Gibco) at 37°C in 5% CO2. 
Imaging media for MDA-MB-231 and MTLn3 cells was the same as the subculturing media, 
with the exception that no phenol red was included and that 12 mM HEPES (Sigma Aldrich) was 
included. 
Assembling Collagen Substrates 
Collagen fibrils were epitaxially grown on 15 mm x 15 mm pieces of muscovite mica 
(highest grade VI, Ted Pella, Redding, CA, USA) that were freshly cleaved using tape. [21] 
Collagen type I was diluted (10µg/ml) in the buffer solution consisted of 50mM Tris-HCl (Fisher 
Scientific) and 200mM KCl (Fisher Scientific) at pH 9.2. After incubation of 6-18hrs the 
collagen solution was washed with deionized water, the mica was laid against the edge of a 
tissue culture dish and the mica was allowed to dry overnight and was used the next day.  
Imaging Microsphere Deformations on Aligned Collagen Fibrils 
Microspheres were added to substrates to mark deformations. Carboxylate-modified 
microspheres (580 nm excitation max, 605 nm emission max, 0.04μm, ThermoFisher Scientific, 
Waltham, MA USA) were sonicated to fully suspend microspheres and disrupt aggregates. Then 
microspheres were diluted in PBS and added to collagen fibrils assembled on mica for 45 mins. 
Collagen fibrils with attached microspheres were washed 3×, the last time with distilled water 
and dried before use in deformation assays. Cells were plated at 30,000 cells ml-1 in 2 ml of 
media in 35 mm dishes with bead-labeled collagen fibrils. Imaging media used for live-cell 
experiments was conditioned in a dish containing 960,000cells/ml of MDA-MB-231 cells or 
MTLn3 cells, the day prior to use. Conditioned media was centrifuged to clarify any cells or cell 
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debris. MDA-MB-231 cells (+/- 30μM blebbistatin) and MTLn3 cells were incubated in the 
conditioned imaging medium for 2-3hr or 11-12hr, respectively, before imaging. Substrates with 
attached cells were inverted onto two strips of double sided tape attached to a microscope slide to 
generate a flow chamber. The chamber was filled with conditioned imaging media and sealed 
with a 1:1:1 mixture of vasoline, lanolin and paraffin wax. Chambers were imaged by phase 
contrast microscopy on a heated stage at 37°C every 30s min for 6 hrs.  Phase contrast images 
were captured at 20x (NA 0.50, Nikon) with a charge-coupled device (CoolSNAP HQ2, 
Photometrics) attached to an inverted microscope (Eclipse Ti, Nikon). Fluorescent images were 
captured at 20x (NA 0.50, Nikon) with the microscope connected to a fluorescence illumination 
system (Lumen200PRO, Prior) and an excitation filter 555 and an emission filter 605 were used. 
Matlab was used to detect microspheres positions in each image and then we applied an intensity 
threshold to find each microsphere centroid and track each from image sequences using a 
standard particle-tracking algorithm (http://site.physics.georgetown.edu/matlab/tutorial.html) and 
measure the mean displacement of microspheres. The mean displacement ( d ) of microsphere 
was defined as: 
2 2
1 1( ) ( )    i id x x y y                                                                                             (3) 
Where xi+1 is an x-axis of a single microsphere at that time point, yi+1 is a y-axis of a single 
microsphere at that time point and x and y are average axes of the single microsphere at all 
time points. 
Fluorescence Imaging 
MDA-MB-231 cells were plated at 40,000-60,000 cells/ml in 2ml of media in 35mm dishes 
for 4, 12 and 24 hours on highly aligned type I collagen fibrils. Cells that were treated with 
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30μM blebbistatin, 10μM marimastat or marimastat and blebbistatin (10M and 30M) or 
500nM 3A2 antibody were incubated for 12 and 24 hours on highly aligned type I collagen 
fibrils.Aliquots of 16% paraformaldehyde, which were premade and frozen, were heated to 37 °C 
and diluted to 4% in a 1X cytoskeleton buffer.  The cytoskeleton buffer stock was made at a 
concentration of 10X using 195mg of MES hydrate, 61mg of magnesium chloride, 1.03g of 
potassium chloride, and 93.65g of egtazic acid in 100mL of deionized water. Cell samples were 
placed on heating plates while being treated with paraformaldehyde to maintain cell shape during 
fixing.  Cells were then washed with 1X tris base buffered saline (TBS) diluted from a 50ml 
stock of 10X TBS containing 934mg of Tris base and 4.00g of sodium chloride. TBS treatments 
were done in 5min increments for 15min. Cells were further washed using a 100mM solution of 
glycine and a 0.5% triton X solution for 10min each.  Both the glycine and triton X solutions 
were diluted in 1X CB. Another round of three 5-minute 1X TBS treatments were run before 
blocking buffer and staining were added. Mica samples were removed from their last TBS wash 
and flipped face side down onto a droplet of blocking buffer placed on parafilm. The blocking 
buffer was made with 1X TBS, 0.1% tween-20 by volume, and 2% BSA by mass. The drop size 
was 100μl per sample. Samples to be imaged were placed on blocking buffer with a 1:40 dilution 
of 488 phalloidin. The blocking and staining lasted 1 hour. After the hour of blocking and 
staining, mica samples were mounted using ProLong Gold mounting media onto microscope 
slides face down for imaging. Fixed and stained cells were imaged by epifluorescence using a 
20× air objective (NA = 0.45, Nikon, Melville, NY) on the same microscope as described above 
and an excitation filter 490 and an emission filter 525 were used.  
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Assessing Cell Orientation 
Images were taken in sets of 16 starting from the top left corner of the sample and snaking to 
the bottom left corner of the sample. There were 4 images taken in each “line” of images. Each 
image was taken based on a characteristic group of cells in the surrounding area. If no cells 
appeared in the sixteenth of the sample to be imaged, a blank image was taken and no cells were 
counted. 
After the images were taken, ImageJ was utilized to analyze the cells for alignment to the 
substrate and elongation. The epi cell image was duplicated, background subtracted 50 pixels, 
and thresholded to gain rough outlines of the cells. The threshold was often set around 5% or less 
to gain optimal balance of cell outline without receiving as much background noise. The image 
was then made binary to do outline adjustment. The binary image was eroded, dilated, opened, 
closed, eroded, and lastly dilated.  The particles were then analyzed for any pixel clumps greater 
than 500 pixels. The outlines were stored as ROI files to overlay the image. 
The analyzed outlines were compared to the original transmitted image to ensure size and 
shape were accurate. Overlapping cells were re-outlined manually to ensure an accurate cell 
count and area. Overlapping clumped cells and cells in different directions that crossed weren’t 
used in analysis of directionality and alignment to ensure single cell directionality was being 
analyzed. ImageJ’s analysis package was used to collect the mean grey scale, the area, and an 
ellipsis fit for each ROI in the non-background subtracted epi image. 
The ellipsis fit in ImageJ gives the major and minor axes as well as an angle of the major axis 
with respect to a horizontal 0-degree mark. The angle is fit between 0 and 180 degrees so cell 
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specific direction, whether negative or positive on the angle direction, was not part of the 
analysis done. The aspect, length to width, ratio of the ellipse was used to determine the 
alignment of the cell to the matrix. Cells with an aspect ratio greater than 2 were determined to 
be well aligned and included in the alignment analysis. Excel was used to histogram the aligned 
non-clumped cell angles in 10-degree bins. Fractions of cells in each bin were determined for 
each sample and fit to a 3 peaked von Misses curve based on 60-degree peak offsets. The von 
Mises probability density function for the angle x is given by (4). Aligned samples were 
determined to be von Misses fits where at least one peak amplitude was significantly positive.  In 
other words, at least one peak had to have a lower confidence interval bound greater than zero. 
The aligned samples were oriented so the major peak was at 30 degrees and the second peak was 
at 90 degrees. The non-aligned samples were left in their natural state.  The peak amplitudes of a 
condition were then determined using an average fraction of cells in each peak across all samples. 
0 0 0
cos( ) cos( ) cos( )
2 ( ) 2 ( ) 2 ( )
1 2 3( )
x x x
I I I
f x a e a e a e
     
     
  
                                                                          (4) 
Where a is the fraction of cells in the peak, κ is the breadth of the distribution where large κ give 
more defined peaks, μ is the location of the peak,I0 is the Bissel function 
The numbers for cell density were calculated using a cell count across each image taken. An 
overall average cell count per image was determined and divided by image size in square 
centimeters. The size of the image was determined by the magnification, by image pixel 
dimensions, and by pixel measured size. All individual image cell counts were used to calculate 
individual image cell densities. These values were used to calculate a confidence interval of cell 
density. 
99 
 
 
The cell area fraction was found by using the ellipsis area calculated by ImageJ. Cell areas in 
each image were added up and divided by total image size in pixels. Cell area fractions for each 
image were averaged for a condition and the individual image cell area fractions were used to 
determine a confidence interval. 
The Von Misses fit was overlaid on cell ellipsis fit angle fraction binned every 10 degrees for 
180 degrees. The fractional average bin across all samples aligned according to the description in 
fixed cell image analysis was used to fit a triplicate Von Misses curve. The kappa value and the 
cell alignment fraction for both fibers and cells were determined using this fit. The amplitude of 
the major peak of the Von Misses was used for cell alignment fraction. The cell alignment 
fraction multiplied by the cell area gave the cell alignment area. 
Secondary Harmonic Generation Microscopy Imaging 
The fixed cell samples with different contractility or proteinase pertrubations were imaged 
using a mode-locked Ti:Sapphire laser (100 fs pulse width, 1 kHz repetition rate, Libra, Coherent, 
Santa Clara, CA) that produces an 800nm fundamental. The average power at the sample image 
plane was controlled using a combination of a half-wave plate and a Glan-Thompson polarizer 
(Thorlabs, Newton, NJ). Second harmonic signal was collected in the transmission mode. For 
this setup, an inverted microscope (AmScope, Irvine, CA) and Nikon Plan Fluorite objective 
(20×, NA = 0.5, 2.1mm WD, Nikon, Melville, NY) was used to focus the beam and the SHG 
transmission was collected with a Nikon water immersion objective (40 x, 0.8 NA, 3.5mm WD, 
Nikon, Melville, NY). The transmitted SHG signal was reflected by a dichroic mirror 
(DMLP425T, Thorlabs, Newton, NJ) and separated from the fundamental beam with two short 
pass filters <450nm (FGB37M, Thorlabs, Newton, NJ) and 808nm notch filter (NF-808.0-E-
25.0M, Melles Griot, Rochester, NY), before detection by an intensified CCD (iCCD, iStar 334T, 
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Andor, Belfast, UK). Polarized SHG imaging was conducted using a Glan-Thompson polarizer 
and a half-wave plate mounted on a motor driven rotational stage (Thorlabs Newton, NJ) to 
achieve linear polarization. Images of the samples were collected every 10° from 0° to 350°. A 
minimum of three images for each experimental condition was taken. From this collection of 
images, regions of interest (ROI) were fit using the following equation: 
      
2 2
2 2 2sin cos sin 2xzxzzzSHG e o e o e o
zxx zxx
I c
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 
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                                   (5) 
where zzz
zxx


 and xzx
zxx


 are second-order susceptibility tensor element ratios, θe and θo are the 
incident polarization angle and collagen fiber angle, respectively. The orientation angle of 
collagen in each region of interest (ROI) was calculated and a histogram of orientations was 
generated. Collagen organization was observed by fitting the orientation angle histogram with a 
von Mises distribution, over a 180° range. This distribution is characterized by , similarly to the 
cell distribution. The parameter,  thus gives a degree of ordering over long length scales. Over 
small length scales, the different ROIs were classified as ordered, non-ordered and non-collagen, 
to evaluate the small-scale ordering or presence of the collagen fibrils locally. The non-ordered 
ROI fraction was determined through the deviation of the data to the predicted von Mises 
distribution in one bin (10°). The non-collagen ROI fraction was determined by identifying ROIs 
that were below a set threshold intensity as done previously. As the total number of ROIs were 
kept constant throughout the analysis, the remaining ROIs were calculated as the ordered fraction. 
  
101 
 
 
Statistics 
The number of experiments and cells were stated in all the figure legends. At least three 
independent experiments were conducted. In general, means were calculated with error bars 
representing 95% confidence intervals.  
5.3 Results 
Aligned collagen fibrils that are epitaxially grown on mica have been shown to form a 
tunable substrate for the study of 2D contact guidance. [20, 21] Previously, we showed that 
contact guidance on these substrates was different between cells that exert vastly different 
traction forces, where MDA-MB-231 sense the contact guidance cue, but MTLn3 cells do not. 
[21] In addition, turning cell contractility either up or down can correspondingly alter contact 
guidance fidelity in a dose dependent manner. [23] Interestingly, collagen fibrils formed on these 
mica surfaces can be deformed through cellular contractility and degraded through MMP activity. 
Fluorescently labeled carboxylate-modified microspheres were adsorbed to the collagen fibrils 
assembled on the mica surfaces and tracked over time. Three different colors (red, green and 
blue) were used to represent large, intermediate and small sum of the mean displacements 
equation (3). MDA-MB-231 cells, which are highly directional on these substrates, pull on 
collagen fibrils in the direction orthogonal to the polarity direction (direction of migration) and 
the long axis of collagen fibril alignment, resulting in tracks that run orthogonal to the cell 
polarity axis (Figure 5.1A). Microspheres that were close to the cell edge or underneath the 
MDA-MB-231 cell exerted large displacements. When contractility is blocked using blebbistatin, 
the magnitude of the deformations is much smaller (Figure 5.1B). Additionally, MTLn3 cells 
deform the substrate much less than MDA-MB-231 cells (Figure 5.1C). Given that MDA-MB-
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231cells robustly deform the collagen fibrils, we were interested in how contractile force and 
MMP activity affect the long-term behavior of cells on these substrates. 
 
Figure 5.1 Trajectories of fluorescent microspheres adsorbed on aligned collagen fibrils assembled on 
mica For (A) MDA-MB-231 cells, (B) MDA-MB-231 cells treated with blebbistatin (30μM) and (C) 
MTLn3 cells. Microspheres are colored differently depending on their mean displacement. Red indicates 
mean displacements larger than 600 nm, green indicates mean displacements between 300nm and 600nm 
and blue represents mean displacement smaller than 300 nm. The cell outline from one time point is 
shown in white and the region over which the cell migrates over the entire timelapse is shown as the 
yellow dashed line. Calibration bar length is 30μm. 
MDA-MB-231 cells robustly engage in contact guidance over the first 10hrs, [21, 23] 
However, we observed that for longer times (12-24hrs), cells start to pull or degrade the collagen 
fibrils to such a large extent that the cells detach, potentially with the collagen fibrils, from the 
mica substrate. To quantify this effect, cells were fixed and stained for F-actin at 4, 12 and 24hrs 
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after plating and images of cells were taken. When the cells detach from substrate they form 
large aggregates that are not frequently imaged in the samples that we take, thus cells that appear 
in the images correspond to cells still attached to the substrate. Cell density was normalized to 
the expected cell density at time 0, given cell concentration and substrate size. Under control 
conditions, normalized cell density does not change over the first 4 h, but the area fraction that 
the cells occupy increases, due to cell spreading (Figure 5.2A&B). Both normalized cell density 
and area fraction decrease at 12 hrs and continue decreasing through 24hrs (Figure 5.2A&B). 
Interestingly, if cells are treated with a contractility blocker (blebbistatin), a pan-MMP blocker 
(marimastat), both a contractility blocker and pan-MMP blocker (blebbistatin and marimastat) or 
an MMP-14 function blocking antibody (3A2), the decrease seen between 12 and 24 hrs is 
inhibited (Figure 5.2A&B). This suggests that both contractility and MMP activity (MT1-MMP 
activity in particular) are used during this decrease in cell density. Because these cells robustly 
respond to the contact guidance cue at the level of cell migration, we wanted to assess the 
alignment over the same timescale that cell detachment was occurring. 
 
Figure 5.2 Normalized cell density and area fraction. (A) Normalized cell density and (B) area fraction 
occupied by MDA-MB-231 cells change with time on aligned collagen fibrils assembled on mica. The 
decrease seen at 24hrs is blocked when treated with a myosin II-mediated contractility inhibitor 
(blebbistatin), a pan-MMP inhibitor (marimastat) or an MMP-14 function blocking antibody (3A2). 
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Blebbistatin (30μM, triangle), marimastat (10μM, diamond), marimastat and blebbistatin (10μM and 
30μM, squares) or 3A2 antibody (500nM, star). Error bars represent 95% confidence intervals. 
 
Figure 5.3 Cell alignment of MDA-MB-231 cells treated with inhibitors. A myosin II-mediated 
contractility inhibitor (blebbistatin), a pan-MMP inhibitor (marimastat) or an MMP-14 function blocking 
antibody (3A2). (A) The angle distribution of cells on aligned collagen fibrils assembled on mica at 4 
hours (circles). The sum of three von Mises distributions separated by 60 degrees is used to fit the data. 
(B) The sum of three von Mises distributions with different values for the distribution spread parameter. 
As cells increases, the spread of the distribution descreases. cells is inversely proportional to the full width 
half max. (C) Schematic of cell angle distribution for two significant and one insignificant peak. The cell 
alignment fraction is calculated as fraction of the total area that is under significant peaks. (D) Cell 
alignment fraction, (E) cell alignment area fraction and (F) distribution spread parameter, cells as a 
function of time and exposed to different inhibitors. Cells plated on aligned collagen fibrils assembled on 
mica (circle) treated with blebbistatin (30μM, triangle), marimastat (10μM, diamond), marimastat and 
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blebbistatin (30μM and 10μM, squares) or 3A2 antibody (500nM, star). Error bars represent 95% 
confidence intervals. 
We assessed cell alignment on the collagen fibrils over time and under different inhibitor 
treatments by examining the orientation distribution. This is similar to what we have done 
previously, however instead of using curvilinear Gaussian distributions, which assume an infinite 
independent variable; we have chosen spherical von Mises distributions equation (5) which 
assume a repeating independent variable. Three von Mises distributions shifted at 60° angles are 
summed and fit to the experimental fraction of cells oriented in a particular direction (Figure 
5.3A). The 60° is set and is based on the hexagonal structure of the underlying mica crystal. [28-
30] One dominant collagen alignment direction is favored. However, additional directions will 
appear due to incomplete mica cleavage. We assume that the parameter that describes spread of 
each peak is identical for a given condition. Consequently, the only adjustable parameters are the 
parameter that describes the spread (cells) and two of three amplitude maxima (the final 
maximum is set by constraining the integrated function fraction to be equal to 1) (4). As cells 
increases, the peak widths (full-width half maximum) grows smaller and more alignment is seen 
(Figure 5.3B). Each peak is tested to determine if it is statistically considered a peak (see 
Material and Methods). Consequently, one measure of alignment is the fraction of cells that falls 
under significant peaks, the aligned cell fraction (Figure 5.3D). Only significant peaks are 
included in the integration (Figure 5.3C). When cells were plated on aligned collagen fibrils for 4 
h, they adhered, spread on the surface and roughly 80% of them aligned (Figure 5.3D). When the 
cells were treated with marimastat, no change in alignment was observed through 24hrs. In fact, 
the alignment marginally increased at 12hrs when cells were treated with 3A2. Blebbistatin on 
the other hand completely degraded the alignment by 24hrs. Interestingly, the combination of 
blebbistatin and marimastat resulted in a retained orientation after 24hrs. Because the area 
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fraction of taken up by cells changes over time (Figure 5.2B), we calculated the product of the 
area fraction and the aligned cell fraction, which yields the cell alignment area fraction (Figure 
5.3E). This indicates that few cells are aligned at 24 h for both control and blebbistatin treatment. 
However, this is due to different reasons. Control cells pull themselves off the substrate, whereas 
blebbistatin blocks cell detachment, but results in cells that are unable to align. Another measure 
of alignment is the cells for the fit of the cell orientation distribution (Figure 5.3F). The cells for 
control cells is high and decreases after 4hrs. After blebbistatin treatment, cell alignment is lower 
at 4hrs. In agreement with the aligned cell fraction, 3A2 treatment, blocking MT1-MMP appears 
to increase the alignment of cells on these substrates. Given that blocking contractility appears to 
both block cell detachment and alignment at 24hrs and that 3A2 increases cell alignment at 12hrs, 
we were interested in assessing collagen fibril alignment changes under the same perturbations. 
This would allow us to determine if cell alignment changes were due to changes in the alignment 
of the collagen fibrils themselves or in the cells ability to interpret aligned structures. 
The collagen fibrils were imaged using second harmonic generation (SHG) imaging and the 
distribution of collagen fibril orientations was determined and fitted to the same distribution as 
used above. In control samples collagen orientation was not much different between substrates 
on which no cells had been plated and substrates on which cells had been plated for 12hrs 
(Figure 5.4A&B). However, collagen fiber alignment decreased dramatically between 12 and 
24hrs (Figure 5.4B&C). In order to study whether contraction force plays an important role in 
rearranging aligned fibrils, MDA-MB-231 cells were treated with blebbistatin. Blebbistatin 
treatment resulted in blocking changes in collagen orientation distribution (Figure 5.4D-F). 
When MMP activity was blocked using marimastat, the alignment appeared to improve over 
time (Figure 5.4G-I). This response was somewhat tempered when blebbistatin was added 
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(Figure 5.4J-L). Interestingly, blocking MT1-MMP with 3A2 had distinct effects from 
marimastat. A peak in alignment appeared at 12hrs and marginally decreased after that (Figure 
5.4M-O). Since this distribution just indicates orientation and not density, we quantified the 
collagen density under the same conditions by examining the intensity of the SHG images. 
Aligned collagen assembled on mica in the presence of cells showed a marked decrease in 
collagen density over time (Figure 5.5A). This decrease is not dependent on contractility as 
blebbistatin does not block the response (Figure 5.5A). However, blocking either MT1-MMP 
alone (3A2), all MMPs (marimastat) or contractility and MMPs (blebbistatin + marimastat) does 
inhibit the collagen density decrease (Figure 5.5A). The images obtained through SHG 
microscopy were processed to identify the fraction of area that was ordered, non-ordered and 
contained no collagen (see Material and methods). This processing occurred over one ROI 
(small length scales, ~1µm). The fraction of the area that was occupied by collagen under the 
different perturbations was calculated (Figure 5.5B). Surprisingly, while blebbistatin did not 
inhibit the decrease in collagen intensity (Figure 5.5A), it did inhibit the decrease in area fraction 
that was covered by collagen (Figure 5.5B). Under blebbistatin treatment, it is possible that the 
collagen layer becomes thinner, while still covering the same area. Alternatively, it could 
become sparser, but over spatial length scales smaller than the one used to measure collagen area 
fraction (~1µm). This might suggest that MMPs can thin or partially degrade the collagen signal, 
but contractility is needed for the dramatic large-scale changes in collagen fibril coverage. There 
were no significant differences in the non-ordered collagen fractions across the samples (Figure 
5.5C) and aligned collagen fraction roughly correlated with collagen area fraction (Figure 5.5D) 
and matched what was seen in Figure 5.4. Since the collagen density changes across conditions, 
we calculated the product of the normalized collagen intensity and the aligned collagen fraction, 
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giving the amount of collagen that is organized. This is shown in Figure 5.5D. The fitting 
parameter collagen showed no significant difference across the samples, apart from the marimastat 
treatment sample at 24hrs, where it collagen alignment was increased in line with Figure 5.4I.  
 
Figure 5.4 Angle distribution of collagen on the mica substrates seeded with MDA-MB-231 cells treated 
with inhibitors. A myosin II-mediated contractility inhibitor (blebbistatin), a pan-MMP inhibitor 
(marimastat) or an MMP-14 function blocking antibody (3A2).(A-C) The angular distribution of collagen 
progressed from organized to stochastic over 24hrs in the control sample (D-F) ,the contractility inhibitor 
treated mica substrates (G-I) the marimastat treated substrates (J-L) the combination of marimastat and 
blebbistatin (M-O) 3A2 treated substrates.Circles are data points and the lines are the von Mises fits to the 
data. 
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Figure 5.5 Collagen fiber alignment on mica substrates seeded with MDA-MB-231 cells treated with 
inhibitors. A myosin II-mediated contractility inhibitor (blebbistatin), a pan-MMP inhibitor (marimastat) 
or an MMP-14 function blocking antibody (3A2). (A) The relative intensity of the collagen fibers on the 
mica-based substrates over 24hrs, normalized to the initial intensity of the control at 0hr. The mica and 
blebbistatin substrates (circle) showed significantly rapid degradation of the collagen signal over time. (B) 
The collagen area fraction representing the sum of both ordered and non-ordered fractions of the collagen 
signal on the substrates showed no significant difference over 24hrs across all the substrates. (C) The non-
ordered collagen fractions of the collagen signal from the different substrates showed no significant 
differences (D) Collagen alignment fraction, (E) Aligned collagen signal fraction, as a product of the 
aligned collagen fraction and the normalized collagen intensity and (F) distribution spread parameter, 
collagen as a function of time and exposed to different inhibitors. Cells plated on aligned collagen fibrils 
assembled on mica (circle) treated with blebbistatin (30μM, triangle), marimastat (10μM, diamond), 
marimastat and blebbistatin (10μM and 30μM, squares) or 3A2 antibody (500nM, star). Error bars 
represent 95% confidence intervals.  
110 
 
 
5.4 Discussion 
Contact guidance in response to aligned collagen fibers is an important facet of cancer 
invasion and metastasis. The degree to which cells engage in contact guidance is intimately 
related to the degree of collagen fiber alignment. However, collagen fiber alignment dynamically 
changes over time due to both contractility and MMP activity of stromal cells in the tumor 
microenvironment. Cancer cells can also remodel collagen fibers during the process of migration. 
This can either act to locally disorganize or organize collagen fibers, thus amplifying or 
dampening the original aligned collagen fiber signal. The result is different degrees of contact 
guidance and different invasion or metastasis rates. In this paper, we examine the link between 
cell and collagen alignment by perturbing the myosin II and MMP activity of MDA-MB-231 
cells migrating on aligned collagen fibrils. Epitaxially grown, aligned collagen fibrils are loosely 
attached to mica substrate due to non-covalent, electrostatic interactions between collagen and 
the surface. Because of the loose interaction between collagen and the mica surface, cells 
robustly detach between 12 and 24hrs, producing a sensitive phenotype that can be used to probe 
how perturbations in cell traction generation and collagen degradation affect cell and collagen 
fibril presence and alignment. When myosin II was inhibited, cells did not detach from the 
surface. Several possibilities exist. First, it is possible that detachment requires contractility-
mediated traction force generation to pull the collagen fibrils off the surface. Indeed, collagen 
area fraction appears to remain constant as others have seen in different cells. [27] However, 
collagen concentration on the surface appears to decrease when myosin II is inhibited. We will 
discuss potential mechanisms to explain this discrepancy below. Second, it is possible that 
detachment requires MMP activity and blocking myosin II acts to subdue or decrease MMP 
activity. Indeed, we [31] and others [32] have shown that contractility is required for maximum 
ECM degradation and MMP activity and contractility inhibitors can block MMP activity almost 
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as potently as MMP inhibitors. This would seem to agree with the fact that myosin II inhibition 
erases a decrease in collagen area fraction, although this piece of evidence also agrees with the 
first mechanism. The decrease in collagen density in the presence of myosin II inhibition would 
argue against a large drop in MMP activity. Taken together, it is likely these mechanisms are 
acting jointly to cause contractility mediated decreases in cell remodeling. 
MMP inhibition acts somewhat differently. Both pan-MMP and MT1-MMP inhibitors block 
cell detachment. Furthermore, both seem to block the decrease in both collagen intensity and 
area fraction covered with collagen. This agrees with data indicating that MT1-MMP is a 
primary collagenase related to collagen fiber remodeling and aligned collagen fibrils specifically. 
[27] Interestingly, the alignment of collagen goes up when MMPs in general or MT1-MMP is 
inhibited. Contractility is still at work and cells may be able to better align fibers close to the cell. 
The disorganziation of the collagen fibrils may initially proceed through MT1-MMP with other 
secreted MMPs following, hence the different kinetics of enhanced collagen fibril alignment in 
response to the MT1-MMP function blocking antibody with respect to marimastat. While we 
certainly see cooperation between contractility and degradation in remodeling the collagen fibrils 
and affecting cell detachment and alignment, we don’t notice any synergy. Conditions, where 
both blebbistatin and marimastat are added together appear to produce phenotypes from one or 
the other of the single perturbation experiment. 
Interestingly, although collagen alignment was not changed between 0-24hrs under 
blebbistatin treatment, normalized collagen intensity decreased to the same extent as the control 
condition, while fraction of area occupied by collagen did not change. These collagen fibril fields 
are thin, measuring on the order of nanometers in thickness. The SHG signal is presumably 
collected as an integrated average collagen density throughout the thickness of the fibrils, and no 
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out-of-focus collagen exists. Consequently, if the fibrils were to thin out due to MMP activity, 
but not be completely degraded in particular areas, this would result in lower collagen intensity 
with roughly the same area fraction covered by collagen. The collagen alignment remained 
roughly the same after blebbistatin, but the cell alignment decreased. Indeed, there is indication 
that myosin II acts to mediate in part contact guidance and the presence of a contact guidance 
cue does not necessarily indicate that a cell will recognize and align its polarity with the long 
axis of the collagen fibrils. 
Finally, we wanted to assess how the alignment of cells corresponded to the alignment of 
collagen across all conditions. Consequently, we plotted aligned cell fraction against aligned 
collagen fraction (Figure 5.6A) and cells against collagen (Figure 5.6B). If both cell and collagen 
metrics are the same, you predict no amplification or dampening of the contact guidance signal. 
However, if the cell metrics are larger than the collagen metrics, amplification occurs. Under the 
control condition, amplification is seen. When most of the collagen is ripped from the surface at 
24hrs and only a few aligned collagen fibrils are left, the existing cells on aligned collagen fibrils 
are still highly aligned (Figure 5.6A). When myosin II or MMPs are inhibited, dampening occurs. 
Inhibition of contractility keeps collagen alignment constant over time as is appears to block 
large changes in collagen density, but cells are disordered, presumably due to the direct affect 
that contractility inhibitors have on the cells ability to engage in contact guidance. However, 
inhibition of degradation appears to act differently. Blocking MMP actually enhances the 
collagen alignment, but the cell alignment stays roughly the same or decreases slightly. This 
suggests an indirect effect on contact guidance through modulation of the alignment of the 
collagen and likely not through direct changes in contact guidance. This suggests that myosin II-
113 
 
 
mediated contractility and MMP-mediated degradation cooperatively act during contact guidance, 
but may affect it through both direct and indirect mechanisms. 
 
Figure 5.6 Aligned cell, collagen fraction and distribution spread parameter. (A) Aligned cell and 
collagen fraction and (B) distribution spread parameter (collagen) for both cells and collagen under control 
and inhibitor conditions. Cells plated on aligned collagen fibrils assembled on mica (circle) treated with 
blebbistatin (30μM, triangle), marimastat (10μM, diamond), marimastat and blebbistatin (10μM and 
30μM, squares) or 3A2 antibody (500nM, star). Cell amplification of the directional cue occurs when 
either the alignment fraction or the collagen is larger for cells than for collagen. Cell dampening of the 
directional cue occurs when either the alignment fraction or the collagen is smaller for cells than for 
collagen. 
5.5 Conclusion 
In this paper, we show that MDA-MB-231 cells deform epitaxially grown and aligned 
collagen fibrils more robustly than MTLn3 cells. During remodeling, both contractility and 
MMPs cooperate to degrade and detach collagen from the mica, leading to large scale cell 
detachment. However, the effects of myosin II-mediated contraction and MMP-mediated 
degradation are subtly different. Since myosin II regulates contractility-dependent alignment as 
well as collagen deformation leading to remodeling, cells that remain on the substrate are not 
well aligned. In addition, collagen fibers are still degraded under myosin II inhibition, but not to 
the extent that leads to large scale cell detachment. MMP activity on the other hand acts to 
114 
 
 
temper collagen fibril alignment by cells as blocking MMP activity leads to increased collagen 
alignment over time. Cooperation between contractility and degradation acts to amplify the 
response to the contact guidance cue. Cells are more aligned than what the collagen fibril field 
might suggest. By inhibiting contractility, most collagen fibrils keep the same alignment, but cell 
alignment becomes more disordered, dampening the sensing of the contact guidance cue. By 
inhibiting MMP degradation, collagen fibrils are more aligned than in the control condition, 
while cell alignment remains about the same, also dampening the response to the contract 
guidance cue, but for a different reason. This work suggests that contractility and degradation 
impact contact guidance through different mechanisms that both directly affect contact guidance 
at the level of cell motility and indirectly affect contact guidance at the level of collagen 
rearrangement. 
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CHAPTER 6 MECHANICAL PROPERTIES OF ALIGNED COLLAGEN FIBRILS 
CONTROL CONTACT GUIDANCE 
Juan Wang1#, Joseph Koelbl1#, Anuraag Boddapalli1#, Zhiqi Yao2#, Dong Hyun Nam2#, Xin Ge2, 
Andrew C. Hillier2, Kaitlin M. Bratlie1,3 and Ian C. Schneider1,4*‡ 
6.1 Introduction 
The interrelationship between cells and their local tissue environment (i.e., the extracellular 
matrix (ECM)) plays an important role in mechanotransduction, migration, proliferation [1] and 
differentiation. [1, 2] It has been shown that human tumors are stiffer than normal tissue and 
acquisition of an invasive tumor cell phenotype is accompanied by an increasing stiffness 
relative to normal tissue. [3] Therefore, the tumor microenvironment (TME) is a potent mediator 
of invasion leading to metastasis and is as equally important as intracellular signaling. The TME 
presents directional cues for cancer cell migration, allowing for more efficient cell migration 
towards blood vessels, lymph vessels and along nerve fibers. There are several cues leading to 
directed cell migration, one of which is contact guidance in aligned collagenous ECM. [4] 
Numerous approaches to fabricate contact guidance cues have been used in 2D environments. 
The techniques can be classified into three categories. Some contact guidance cues are collagen 
molecules instead of fibers, such as grooves or gratings [5] and microcontact printing. [6] Some 
contact guidance cues are non-natural fibers, such as electrospinning [7] or fiber drawing. [8] 
The final category composes techniques that form aligned collagen fibrils, like epitaxially grown 
collagen fibrils [9] because collagen fibril structure contains D-banding, a structural marker of 
collagen fibrils formed in vivo. [10]. Even though the in vivo environment is complex and 3D in 
vitro models are thought to replicate the in vivo environment because of similar mechanical 
properties, topology and pore size or confinement, they have some drawbacks First, microscopy 
in 3D environments can be challenging, particularly when examining subcellular processes. [11] 
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Second, the structure of the 3D environment is difficult to control owing to complex interactions. 
To overcome this, 2D environments to study cell migration generally and contact guidance 
specifically have been used extensively over the past 40 years to understand how cells sense and 
respond to their environment. It is true that cancer cell migration on several 2D environments, 
like microcontact printing or electrospinning is much different on 3D environment. However, 2D 
epitaxially grown collagen fibrils have been shown to have many more critical similarities to in 
vivo or 3D environments than other 2D techniques. Epitaxially grown, aligned collagen fibrils 
result in different cell responses between two model breast cancer cell lines: MDA-MB-231 cells 
and MTLn3 cells, which we see in 3D rotationally aligned collagen fibrils. [12] MDA-MB-231 
cells have high contact guidance fidelity, while MTln3 cells have low contact guidance fidelity, 
corresponding to higher invasion of MDA-MB-231 cells shown in vivo. Third, the aligned fibril 
structure is loosely attached to mica substrates and is easily remodeled by contractile force and 
matrix metalloproteinases (MMPs). Remodeling occurs during contact guidance and 
consequently, these substrates better mimic the in vivo environment unlike microcontact printing 
and generating grooves or gratings, where collagen molecules are covalently and uniformly 
attached on substrates resulting in no remodeling. Therefore, it is likely that this 2D substrate is a 
good replicate of in vivo or 3D aligned collagen environments. 
The TME is known to stiffen over time regulating cell function within the TME. [13] For 
example, In vivo, normal breast tissue was predominantly around 400 Pa, while the mean 
stiffness of invasive tissue elevates to more than 5 kPa. [14] The elastic modulus depends on 
molecular properties of the tissue such as collagen density, fiber thickness, [15] and fiber 
crosslinks [16] resulting in different stiffness between different tissues. For example, elastic 
modulus of connective tissue is about 100 times higher than that of brain tissue, [13] but elastic 
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modulus of bone are several orders of magnitude higher than connective tissue. [17] Matrix 
stiffness regulates the degree of cell-matrix adhesion and the size of focal adhesions [18] and 
thus, affects cell motility and alignment. Cells generally spread well, forming F-actin stress 
fibers and mature focal adhesions on rigid ECM, while on less rigid ECM, cells spread less and 
have a round morphology and migration is suppressed. [19] Thus, when cancer cells metastasize 
to different tissues, the stiffness could affect cell contact guidance behavior differently. The 
stiffness of the substrate can be controlled by presenting contact guidance cues on flexible 
substrates. Polydimethylsiloxane (PDMS) and polyacrylamide (PA) are common materials used 
for culturing cells because stiffness can be precisely tuned simply by varying the ratio of 
monomer to cross-linker. [20, 21, 22] PA gels are more ideal for making very soft substrates. 
Numerous studies have shown that tumor cells invasion and migration increased on stiffer and 
random matrix. [23-25] However, there are few studies about how aligned matrix stiffness 
affects contact guidance behavior. 
In the previous paper, we found that both of mesenchymal mode of cells (MDA-MB-231 
cells) and amoeboid mode of cells (MTLn3 cells) deform fibrils assembled mica to various 
extents, indicating that assembled collagen fibrils on mica are not strongly attached to mica. 
Currently, mica is the only substrate that is known to cause the nucleation and alignment of 
collagen fibrils, resulting in limitation of study the cell behavior on substrates with different 
mechanical properties. In the paper, we developed and approach to transfer aligned collagen 
fibrils from mica substrates to other functionalized substrates with different stiffness (glass, 
PDMS, and polyacrylamide) using gelatin as the transfer agent. Gelatin is soluble in water, 
attaches well to the collagen, and can form thermally reversible gels. [26] In this paper, we 
utilized second harmonic generation and atomic force microscope to show that most of aligned 
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collagen fibrils are transferred to target substrates. Furthermore, there is a preference for 
transferring aligned collagen fibrils. After transferring aligned collagen fibrils on different 
mechanical substrates, we used second harmonic generation (SHG) to provide important insights 
into the collagen structure [27] and measured transfer efficiency and found that most of collagen 
fibrils are transferred. When MDA-MB-231 cells are plated on collagen fibrils and allowed to 
migrate over long times (12-24hrs), they pull up the fibrils and detach from the substrate. 
Transfer of collagen fibrils to stiff or soft functionalized substrates inhibits this behavior and 
resists collagen deadhesion. Cell migration behavior was also assessed on these substrates. 
MTLn3 cells migrated at higher speed on intermediate stiff substrates but lower directionality on 
very soft substrate, replicating biphasic behavior seen in other migration systems. MDA-MB-231 
cells exerted higher speed on intermediate stiff transferred PDMS and soft 2000Pa 
polyacrylamide, but exert lower directionality on extremely soft 200Pa polyacrylamide. 
Directionality seems to only be marginally affected by stiffness, where lower stiffness results in 
marginally higher directionality. 
6.2 Material and Methods 
Cell Culture 
A human mammary basal/claudin low carcinoma cell line (MDA-MB-231, ATCC, Manassas, 
VA, USA) was cultured in Dulbecco’s Modified Eagles Medium (DMEM) (Sigma Aldrich, St. 
Louis, MO, USA) containing 10% fetal bovine serum (FBS) (Gibco, Grand Island, New York, 
USA) and 1% penicillin-streptomycin (pen-strep) (Gibco) at 37°C in 5% CO2. A rat mammary 
basal adenocarcinoma cell line (MTLn3, Jeffrey E. Segall, Albert Einstein College of Medicine) 
was authenticated using IDEXX BioResearch (Westbrook, Maine, USA) and cultured in MEMα 
(Gibco) supplemented with 5% FBS (Gibco) and 1% pen-strep (Gibco) at 37°C in 5% CO2. 
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Imaging media for MDA-MB-231 and MTLn3 cells was the same as the subculturing media, 
with the exception that no phenol red was included and that 12 mM HEPES (Sigma Aldrich) was 
included. 
Assembling Collagen Substrates 
Collagen fibrils were epitaxially grown on 15 mm x 15 mm pieces of muscovite mica 
(highest grade VI, Ted Pella, Redding, CA, USA) that were freshly cleaved using tape. [28] 
Collagen type I was diluted (10µg/ml) in the buffer solution consisted of 50mM Tris-HCl (Fisher 
Scientific) and 200 mM KCl (Fisher Scientific) at pH 9.2. After incubation of 6-18 hr the 
collagen solution was washed with deionized water, the mica was laid against the edge of a 
tissue culture dish and the mica was allowed to dry overnight and was used the next day.  
Functionalization of substrate  
Coverslips preparation 
Coverslips (glass) were cleaned and functionalized with 1% aminopropyltriethylsilane 
(Fisher Scientific, Hampton, New Hampshire, USA) in 10 mM acetic acid (Alfa Aesar, Ward 
Hill, MA, USA) and 6% glutaraldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) in 
phosphate buffered saline (PBS) without calcium and magnesium (Gibco). 
PDMS preparation 
Polydimethylsiloxane (PDMS) stamps were made by mixing 184 Silicone Elastomer Base 
(Dow Corning, Midland, MI, USA) with its curing agent in a 20:1 weight ratio. Mixed PDMS 
were either poured on a plain 22 mm × 22 mm coverslips forming a thickness of 400-500 µm 
thick substrates or spin from thick PDMS to thin PDMS forming a thickness of 30-40 µm thin 
substrates. PDMS was exposed to a vacuum to remove any air bubbles and then cured for 1 hr at 
60°C. PDMS substrates then were oxidized by oxygen plasma treatment functionalized with 1% 
aminopropyltriethylsilane (Fisher Scientific, Hampton, New Hampshire, USA) in 10 mM acetic 
122 
 
 
acid (Alfa Aesar, Ward Hill, MA, USA) and 6% glutaraldehyde (Electron Microscopy Sciences, 
Hatfield, PA, USA) in phosphate buffered saline (PBS) without calcium and magnesium (Gibco). 
Polyacrylamide gel preparation 
Flexible polyacrylamide substrates were generated as described previously. [18] Briefly, 22 
mm ×22 mm no. 1.5 coverslips were activated by serial treatments of 0.1 M NaOH, 5% 3-
aminopropyltrimethyloxysilane, and 0.5% glutaraldehyde, and each treatment was followed by 
extensive ddH2O washing. Activated coverslips were inverted onto a 75µl of 0.03%/0.1% bis 
and 3% /4% acrylamide, TEMED, and ammonium persulfate, producing a 100–200 µm thick, 
200Pa/2000Pa gel. Some of polyacrylamide samples contain 0.2µm far-red microspheres 
(Molecular Probes). Coverslips with attached gels were washed in ddH2O and spun dry using a 
custom-made coverslip spinner. Gels were activated for fibronectin coupling with 2mg/ml Sulfo-
SANPAH with two 8-min UV exposures 1 inch from two 10W 254-nm UV bulbs (UVP, San 
Gabriel, CA).  
Transferring fibers to different mechanical substrates 
Collagen fibrils were epitaxially grown on 15mm x 15mm pieces of muscovite mica (highest 
grade VI, Ted Pella, Redding, CA, USA) that were freshly cleaved using tape. [21] Collagen 
type I was diluted (10 µg/ml) in the buffer solution consisted of 50 mM Tris-HCl (Fisher 
Scientific) and 200 mM KCl (Fisher Scientific) at pH 9.2. After incubation of 6-18 hr, the 
collagen solution was washed with deionized water, the mica was laid against the edge of a 
tissue culture dish and the mica was allowed to dry overnight and was used the next day.  
The gelatin solution (15%w/v) was made and melted completely in 37 °C water bath or 
incubator. The solution was put on top of mica substrates with fibers for 1 hr. After gelatin 
solution became the gel, it was peeled off from surface and transferred to functionalized 
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coverslip, PDMS and polyacrylamide substrates for another 1hr. Then transferred substrates was 
added into DI water in 37°C incubator until the gel was completely melted and washed with new 
DI water in 37°C incubator for several hours to make sure no more gelatin residues left. 
Coverslip, PDMS substrates were blew dry with air gun and polyacrylamide substrates were 
stored in DI water.  
Imaging Microsphere Deformations on Aligned Collagen Fibrils 
Microspheres were added to substrates to mark deformations. Carboxylate-modified 
microspheres (580 nm excitation max, 605 nm emission max, 0.04 μm, ThermoFisher Scientific, 
Waltham, MA USA) were sonicated to fully suspend microspheres and disrupt aggregates. Then 
microspheres were diluted in PBS and added to collagen fibrils assembled on mica for 45mins. 
Collagen fibrils with attached microspheres were washed 3×, the last time with distilled water 
and dried before use in deformation assays. Cells were plated at 30,000 cells/ml in 2 ml of media 
in 35 mm dishes with bead-labeled collagen fibrils. Imaging media used for live-cell experiments 
was conditioned in a dish containing 960,000 cells/ml of MDA-MB-231 cells, the day prior to 
use. Conditioned media was centrifuged to clarify any cells or cell debris. MDA-MB-231 cells 
were incubated in the conditioned imaging medium for 2-3 hrs, respectively, before imaging. 
Substrates with attached cells were inverted onto two strips of double sided tape attached to a 
microscope slide to generate a flow chamber. The chamber was filled with conditioned imaging 
media and sealed with a 1:1:1 mixture of vasoline, lanolin and paraffin wax. Chambers were 
imaged by phase contrast microscopy on a heated stage at 37°C every 30s for 6hrs.  Phase 
contrast images were captured at 20x (NA 0.50, Nikon) with a charge-coupled device 
(CoolSNAP HQ2, Photometrics) attached to an inverted microscope (Eclipse Ti, Nikon). 
Fluorescent images were captured at 20x (NA 0.50, Nikon) with the microscope connected to a 
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fluorescence illumination system (Lumen200PRO, Prior) and an excitation filter 555 and an 
emission filter 605 was used for microspheres on fibrils and excitation filter 490 and an emission 
filter 525 was used for microspheres embedded in polyacrylamide. 
The number of experiments and cells were stated in all the figure legends. At least three 
independent experiments were conducted. In general, means were calculated with error bars 
representing 95% confidence intervals. Matlab was used to detect microspheres positions in each 
image and then we applied an intensity threshold to find each microsphere centroid and track 
each from image sequences using a standard particle-tracking algorithm 
(http://site.physics.georgetown.edu/matlab/tutorial.html) and measure the initial displacement of 
microspheres. The initial displacement of microsphere was defined as the ID: 
2 2
0 0( ) ( )i iID x x y y                                                                                                     (6) 
Where xi is an x-axis of a single microsphere at that time point, yi is a y-axis of a single 
microsphere at that time point and x0and y0 are initial axes of the single microsphere at 0time 
point. 
Imaging Contact Guidance 
Cells were plated at 40,000-60,000 cells/ml in 2ml of media in 35 mm dishes. MDA-MB-231 
cells were incubated for 2hrs on mica substrates, 6-8hrs on target substrates (glass, PDMS, and 
2000 Pa and 200 Pa polyacrylamide) and MTLn3 cells were incubated for 12 hrs on mica 
substrates and target substrates (glass, PDMS, and 2000 Pa and 200 Pa polyacrylamide). 
Substrates with attached cells were inverted onto two strips of double sided tape attached to a 
microscope slide to generate a flow chamber. The chamber was filled with imaging media and 
sealed with a 1:1:1 mixture of vasoline, lanolin and paraffin wax. Chambers were imaged by 
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phase contrast microscopy on a heated stage at 37°C every 2mins for 12hrs. Images were 
captured at 10× (NA 0.50, Nikon) as described above. 
Cell centroids were identified and tracked manually using the MTrackJ plugins of ImageJ 
(National Institutes of Health, Bethesda, MD, USA). Cell speed and directionality were 
calculated over a time lag of 2mins averaged over 12hrs as described in a previous paper. [6] 
Imaging F-actin in Fixed Cells 
MDA-MB-231 cells were plated at 40,000-60,000cells/ml in 2 ml of media in 35mm dishes 
for 4, 12 and 24hrs on highly aligned type I collagen fibrils. Cells that were incubated for 12 and 
24hrs on highly aligned type I collagen fibrils on mica and target substrates (glass, PDMS, and 
2000Pa and 200Pa polyacrylamide). Aliquots of 16% paraformaldehyde, which were premade 
and frozen, were heated to 37°C and diluted to 4% in a 1X cytoskeleton buffer.  The 
cytoskeleton buffer stock was made at a concentration of 10X using 195mg of MES hydrate, 
61mg of magnesium chloride, 1.03g of potassium chloride, and 93.65g of EGTA in 100ml of 
deionized water. Cell samples were placed on heating plates while being treated with 
paraformaldehyde to maintain cell shape during fixing.  Cells were then washed with 1X tris 
base buffered saline (TBS) diluted from a 50ml stock of 10X TBS containing 934mg of Tris base 
and 4.00g of sodium chloride. TBS treatments were done in 5mins increments for 15mins. Cells 
were further washed using a 100mM solution of glycine and a 0.5% triton X solution for 10 
minutes each.  Both the glycine and triton X solutions were diluted in 1X CB.  Another round of 
three 5-minute 1X TBS treatments were run before blocking buffer and staining were added. 
Mica samples were removed from their last TBS wash and flipped face side down onto a droplet 
of blocking buffer placed on parafilm.  The blocking buffer was made with 1X TBS, 0.1% 
tween-20 by volume, and 2% BSA by mass.  The drop size was 100μl per sample.  Samples to be 
126 
 
 
imaged were placed on blocking buffer with a 1:40 dilution of 488 phalloidin.  The blocking and 
staining lasted 1hr.  After the hour of blocking and staining, mica samples were mounted using 
ProLong Gold mounting media onto microscope slides face down for imaging. Fixed and stained 
cells were imaged by epifluorescence using a 20× air objective (NA = 0.45, Nikon, Melville, NY) 
on the same microscope as described above and an excitation filter 490 and an emission filter 
525 were used.  
Assessing Cell Orientation 
Images were taken in sets of 16 starting from the top left corner of the sample and snaking to 
the bottom left corner of the sample.  There were 4 images taken in each “line” of images.  Each 
image was taken based on a characteristic group of cells in the surrounding area. If no cells 
appeared on the substrates to be imaged, a blank image was taken and no cells were counted. 
After the images were taken, ImageJ was utilized to analyze the cells for alignment to the 
substrate and elongation.  The fluorescence cell image was duplicated, background subtracted 
with a 50 pixeles rolling ball, and thresholded to gain rough outlines of the cells. The threshold 
was often set around 5% or less to gain optimal balance of cell outline without receiving as much 
background noise. The image was then made binary to do outline adjustment. The binary image 
was eroded, dilated, opened, closed, eroded, and lastly dilated. The particles were then analyzed 
for any pixel clumps greater than 500pixels. The outlines were stored as ROI files to overlay the 
image. 
The analyzed outlines were compared to the original transmitted image to ensure size and 
shape was accurate. Overlapping cells were outlined manually to ensure an accurate cell count 
and area. Overlapping clumped cells and cells in different directions that crossed weren’t used in 
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analysis of directionality and alignment to ensure single cell directionality was being analyzed. 
ImageJ’s analysis package was used to collect the mean grey scale, the area, and an ellipsis fit 
for each ROI in the non-background subtracted epi image. 
The ellipse fit in ImageJ gives the major and minor axes as well as an angle of the major axis 
with respect to a horizontal 0-degree mark. The angle is fit between 0 and 180 degrees so cell 
specific direction, whether negative or positive on the angle direction, was not part of the 
analysis done. The aspect, length to width, ratio of the ellipse was used to determine the 
alignment of the cell to the matrix. Cells with an aspect ratio greater than 2 were determined to 
be well aligned and included in the alignment analysis.  Excel was used to histogram the aligned 
non-clumped cell angles in 10-degree bins. Fractions of cells in each bin were determined for 
each sample and fit to a 3 peaked von Misses curve based on 60-degree peak offsets. The von 
Mises probability density function for the angle x is given by equation (7). Aligned samples were 
determined to be von Misses fits where at least one peak amplitude was significantly positive. In 
other words, at least one peak had to have a lower confidence interval bound greater than zero. 
The aligned samples were oriented so the major peak was at 30 degrees and the second peak was 
at 90 degrees. The non-aligned samples were left in their natural state. The peak amplitudes of a 
condition were then determined using an average fraction of cells in each peak across all samples. 
0 0 0
cos( ) cos( ) cos( )
2 ( ) 2 ( ) 2 ( )
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x x x
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     
  
                                                                          (7) 
Where a is the fraction of cells in the peak, κ is the breadth of the distribution where large κ give 
more defined peaks, μ is the location of the peak, I0 is the Bissel function 
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Atomic Force Microscope (AFM) Imaging.  
Different substrates were imaged using a Dimension 3100 scanning probe microscope with 
Nanoscope IV controller (Veeco Metrology, LLC, Santa Barbara, CA) was utilized to obtain 
images of collagen fibrils on mica and transferred coverslips. 
Secondary Harmonic Generation (SHG) Microscopy imaging 
The fixed cell samples on the different substrates (mica, transferred glass, PDMS, and 
2000Pa and 200Pa polyacrylamide) were imaged using a mode-locked Ti:Sapphire laser (100 fs 
pulse width, 1 kHz repetition rate, Libra, Coherent, Santa Clara, CA) that produces an 800nm 
fundamental. The average power at the sample image plane was controlled using a combination 
of a half-wave plate and a Glan-Thompson polarizer (Thorlabs, Newton, NJ). Second harmonic 
signal was collected in the transmission mode. For this setup, an inverted microscope (AmScope, 
Irvine, CA) and Nikon Plan Fluorite objective (20 x, 0.50 NA, 2.1mm WD, Nikon, Melville, NY) 
was used to focus the beam and the SHG transmission was collected with a Nikon water 
immersion objective (40x, 0.8 NA, 3.5mm WD, Nikon, Melville, NY). The transmitted SHG 
signal was reflected by a dichroic mirror (DMLP425T, Thorlabs, Newton, NJ) and separated 
from the fundamental beam with two short pass filters < 450nm (FGB37M, Thorlabs, Newton, 
NJ) and 808 nm notch filter (NF-808.0-E-25.0M, Melles Griot, Rochester, NY), before detection 
by an intensified CCD (iCCD, iStar 334T, Andor, Belfast, UK). Polarized SHG imaging was 
conducted using a Glan-Thompson polarizer and a half-wave plate mounted on a motor driven 
rotational stage (Thorlabs Newton, NJ) to achieve linear polarization. Images of the samples 
were collected every 10° from 0° to 350°. A minimum of three images for each experimental 
condition was taken. From this collection of images, regions of interest (ROI) were fit using the 
following equation: 
129 
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where
𝜒𝑧𝑧𝑧
𝜒𝑧𝑥𝑥
and
𝜒𝑥𝑧𝑥
𝜒𝑧𝑥𝑥
 are second-order susceptibility tensor element ratios,𝜃𝑒  and𝜃𝑜  are incident 
polarization angle and collagen fiber angle, respectively. The orientation angle of collagen in 
each ROI was calculated and a histogram was generated. Collagen organization was observed by 
fitting the orientation angle histogram with a von Mises equation, over a 180 degrees profile. The 
different ROI were classified as ordered, non-ordered and non-collagen, to evaluate the micro-
scale ordering of the collagen fibers in the samples. The non-ordered ROIs were observed to 
evaluate on the basis of the deviation from the von Mises profile for the sample’s orientation 
angle histogram data. The non-collagen ROIs were identified on the basis of them not clearing 
the SHG equation based intensity threshold for collagen signaling. As the total number of ROIs 
were kept constant throughout the analysis, the remaining ROIs were calculated as the ordered 
fraction.  
Statistics 
Phase contrast images were captured at 20x (NA 0.50, Nikon) with a charge-coupled device 
(CoolSNAP HQ2, Photometrics) attached to an inverted microscope (Eclipse Ti, Nikon). 
Fluorescent images were captured at 20x (NA 0.50, Nikon) with the microscope connected to a 
fluorescence illumination system (Lumen200PRO, Prior) and an excitation filter 555 and an 
emission filter 605 were used. 
6.3 Results 
Highly aligned ECM increases cancer cell invasion [29] and cancer cells on higher ECM 
alignment are more invasive [30] Previously, we showed that MDA-MB-231 robustly sense the 
contact guidance cue better than MTLn3 cells on mica substrates on which assembled, aligned 
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collagen fibrils are formed. This indicates that contact guidance cues affect different types of 
cells differently. In addition, tumor tissues have been seen stiffer than normal tissue and stiffer 
tumor increase cancer cells invasive ability. [23] In this paper, we are interested in how stiffness 
of substrates affects contact guidance behavior. As was presented in Chapter 5, epitaxially grown 
aligned collagen fibrils are loosely attached to mica substrates. Thus, we used a novel method to 
transfer aligned collagen fibrils from mica substrates to flexible substrates with known 
mechanical properties. In order to transfer the aligned collagen fibrils from mica to other 
substrates, we first poured a gelatin solution on collagen fibrils assembled on mica and let it gel 
for 1 hr. After gelation, we peeled it off and transferred it to functionalized substrates: glass 
(approximately 10GPa [31]), PDMS (approximately 280 KPa [32]), and polyacrylamide (2000 
Pa and 200 Pa) for 1hr (Figure 6.1A). Glass and PDMS were aldehyde-functionalized and 
polyacrylamide substrates were functionalized using Sulfo SanPAH. In order to test if the 
substrates were functionalized successfully, fluorescently labeled collagen in solution (not in 
fibrillary form) was deposited onto these surfaces, washed and the collagen fluorescence 
intensity was measured. Figure 6.1B showed that collagen fluorescence intensity on 
functionalized glass, PDMS or polyacrylamide is higher than that on squeaky clean glass, blank 
PDMS and unfunctionalized polyacrylamide. To assess the transfer efficiency of fibrillar 
collagen, both AFM and SHG imaging was conducted. In Figure 6.1C, both SHG and AFM 
showed that collagen fibrils were highly aligned and densely packed on mica substrates (mica 
before). After fibrils were transferred to functionalized glass, we took images of mica substrates 
again (mica after). Mica after showed no collagen fibrils left, while SHG showed fewer fibrils on 
the surface and the fibrils that remained were mostly unaligned. The SHG allowed for a better 
global view of collagen structure than AFM, due to the differences in the areas over which 
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images are taken (10μm×20m vs. 125μm×125μm). The glass before transfer (glass before) 
showed nothing on the substrates. Glass with transferred fibrils (glass after) showed highly 
aligned collagen fibrils, albeit the density was a bit sparser.  
To quantify the transfer efficiency on functionalized substrates, we measured normalized 
collagen density and collagen area fraction. Compared to mica substrates, collagen fibril 
intensity on functionalized glass and 2000 Pa and 200 Pa polyacrylamide substrates was not 
significant different (Figure 6.1D). However, we did see a somewhat smaller collagen density on 
PDMS (Figure 6.1D). Collagen area fraction had no significant difference between mica 
substrates and all transferred substrates (Figure 6.1E). Given that good transfer efficiency on 
transferred substrates, we were interested in how stiffness of substrates affects MDA-MB-231 
cells’ response to aligned collagen.  
 
Figure 6.1 Collagen transferring from mica to other substrates. (A) The schematic of fibers transferred 
from mica to functionalized substrates with different stiffness (glass, PDMS, and 2000Pa and 200Pa 
polyacrylamide). (B) Collagen fluorescent intensity on unfunctionalized and functionalized substrates. (C) 
Representative AFM and SHG images of aligned collagen fibrils were transferred from mica to 
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functionalized glass. ‘mica before’ images indicate collagen fibrils on mica before transferring. ‘mica 
after’ images show collagen fibrils on mica after transferring. ‘glass before’ indicate collagen fibrils on 
glass before transferring. ‘glass after’ show collagen fibrils on glass after transferring. (D) Collagen 
intensity and (E) Collagen area fraction on mica (before and after transferring), glass (before and after 
transferring), PDMS, and 2000Pa and 200Pa polyacrylamide. Error bars represent 95% confidence 
intervals. Calibration bar length for AFM images is 10nm. Calibration bar length for SHG images is 
10μm. 
MDA-MB-231 cells sense contact guidance cues robustly over the first 10hrs. [28, 33] 
However, when cells migrated for longer time (12-24hrs), cells start to pull or degrade the 
collagen fibrils to such a large extent that they detach, potentially with the collagen fibrils from 
the mica substrate. To quantify this effect, cells were fixed and stained for F-actin at 12 and 
24hrs after plating and images of cells were taken. Cell density was normalized to the expected 
cell density at time 0, given cell concentration and substrate size. On mica substrates, normalized 
cell density decreased over the first 24hrs, but the area fraction that the cells occupy increases 
from 0hr to 12hrs, due to cell spreading and then decreased from 12hrs to 24hrs. (Figure 
6.2A&B). Interestingly, if cells were plated on flexible substrates, the decrease seen between 12 
and 24hrs is inhibited (Figure 6.2A&B). Cells on PDMS seem to increase in area fraction 
occupied by the cell. Because cells on mica and flexible substrates respond to the contact 
guidance cue differently at the level of cell migration, we wanted to assess the alignment over 
the same timescale that cell detachment was occurring. 
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Figure 6.2 Normalized cell density and area fraction. (A) Normalized cell density and (B) area fraction 
occupied by MDA-MB-231 cells change with time on aligned collagen fibrils assembled on mica (circles). 
The decrease seen at 24hrs is blocked when transferred to functionalized glass (closed squares), PDMS 
(closed diamond), and 2000Pa (open triangle) and 200pa (closed triangle) polyacrylamide. Error bars 
represent 95% confidence interval 
 
Figure 6.3 Cell alignment of MDA-MB-231 cells transferred to functionalized substrates with different 
stiffness at 12hrs. (A-C) The angle distribution of cells on aligned collagen fibrils assembled on mica at 
12 hours, transferred glass and 2000Pa polyacrylamide. The sum of three von Mises distributions 
separated by 60 degrees is used to fit the data. (D) aligned cell fraction and (E) cell alignment area 
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fraction on mica, glass, PDMS, 2000Pa and 200Pa polyacrylamide. Error bars represent 95% confidence 
intervals. Calibration bar length is 30μm.  
We assessed cell alignment on the mica and flexible substrates, where collagen fibrils have 
been transferred at various time points by examining the orientation distribution. This is similar 
to what we have done in a previous paper. The images of fixed cells were taken at 12 and 24hrs 
on mica, glass, PDMS and 2000 Pa and 200 Pa polyacrylamide substrates. Representative images 
at 12 hr. were shown (Figure 6.3A-E). Cells on mica substrates at 12hrs presented round-like 
shape and exerted less directed orientation, while cells on other flexible substrates presented 
spindle-like morphology and exerted higher directed orientation. Three von Mises distributions 
fitting the cell alignment at 12hrs on mica substrates, stiff glass and soft 2000 Pa polyacrylamide 
were shown in Figure 6.3F-H. The first peak in von Mises distribution is the dominant cell 
alignment direction. On mica substrates, there was no significant peak indicating that cells were 
not aligned (Figure 6.3F), likely due to the pulling up of the fibrils at that time. But dominant cell 
alignment was seen on glass and to a lesser extent on 2000 Pa polyacrylamide (Figure 6.3G&H). 
One measure of cell alignment is the fraction of cells that fall under significant peaks, aligned 
cell fraction. This was calculated for all substrates at 12 hrs. (Figure 6.3I). It seems that cells on 
glass at 12hrs are more aligned than mica and other flexible substrates. Because the area fraction 
of taken up by cells changes over time (Figure 6.2B), we calculated the product of the area 
fraction and the aligned cell fraction, which yields the cell alignment area fraction (Figure 6.4B). 
The measure showsthat cell alignment area fraction at 12hrs on transferred substrates were all 
significantly higher than that on mica substrates (Figure 6.3J). This indicates that few cells were 
spread and aligned at 12hrs on mica substrates. Because cell alignment area fraction on all 
flexible substrates is much higher than mica substrates at 12hrs, we were interested in if these 
situations will also happen over longer times (24hrs).  
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We assessed aligned cell fraction and cell alignment fraction on mica and flexible substrates 
from 12hrs to 24hrs. The data showed that aligned cell fraction increased on mica substrates 
(Figure 6.4A), while cell alignment area fraction kept the same when taking into area fraction 
account (Figure 6.4B). On flexible substrates, aligned cell fraction seems to either decreased 
slightly or keep the same (Figure 6.4A). Cell alignment area fraction on glass and 
polyacrylamide seems to not significantly change through 12hrs to 24hrs (Figure 6.4B), whereas 
for the PDMS substrate which appears to continue increase. Cell alignment area fraction on all 
flexible substrates is higher than that on mica substrates at 24hrs, indicating a blocking of the cell 
detachment phenotype. Another measure of alignment is the width of the von Mises distribution. 
This width is characterized by , which is in equation (7) for the fit of the cell orientation 
distribution (Figure 6.4C). The cell for mica substrates increased through 12hrs to 24hrs agreeing 
with measurement of cell alignment fraction. Compared to mica substrates, cell remained the 
same on flexible substrates through 12hrs to 24hrs, indicating that contact guidance was not 
decreasing and alignment was remaining constant. Given that cells pull collagen fibrils off from 
mica surface more than flexible substrates, we want to quantitively determine cells ability to 
remodel collagen fibrils on mica and flexible substrates. 
 
Figure 6.4 Cell alignment of MDA-MB-231 cells transferred to functionalized substrates with different 
stiffness through 12-24hrs. (A) Cell alignment fraction, (B) cell alignment area fraction and (C) 
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distribution spread parameter,  as a function of time. Cells plated on aligned collagen fibrils assembled 
on mica (circle), transferred fibrils on glass (closed squares), PDMS (closed diamond), and 2000Pa (open 
triangle) and 200Pa (closed triangle) polyacrylamide. Error bars represent 95% confidence intervals. 
In order to assess cells’ ability to remodel collagen fibrils on substrates, fluorescently 
labeled carboxylate-modified microspheres were adsorbed to the collagen fibrils assembled on 
the mica surfaces and to glass and tracked microspheres over time. Initial displacement was 
calculated as the distance between a single microsphere at a given time point, t = t and the same 
microsphere at the time, t = 0 (equation (6)). The larger initial displacement represents larger 
displacement caused by the cells. Displacements can be caused by two mechanisms: deformation 
and degradation. Three different colors (blue, green and red) were used to represent large initial 
displacements, intermediate initial displacements and small initial displacements of collagen 
fibrils. Blue indicates initial displacements larger than 2μm, green indicates initial displacements 
between 600 nm and 2μm and red represents initial displacement smaller than 600 nm. MDA-
MB-231 cells on mica substrates exerted larger initial displacements than cells on fibrils 
transferred to glass (Figure 6.5A).  Microspheres that were close to the cell edge or underneath 
the MDA-MB-231 cells responded with large displacements. When collagen fibrils were 
transferred to glass, the magnitude of the deformations at the same positions is much smaller 
(Figure 6.5B). To quantify this, the displacement on these substrates was sorted according to 
distance between single cell and single microsphere. We then quantified the distribution of 
displacements based on distance between single cell and single microsphere. A small distance 
between the cell and microsphere (0-10 µm), displacements should be larger than at large 
distance from the cell and microsphere. We collected all displacements on mica and glass 
substrates small distances from the cell and generated a distribution (Figure 6.5C). This 
distribution shows that the fraction of larger initial displacement (> 6µm) on mica substrates is 
larger than that on glass substrates, indicating that cells exerted larger deformations with 
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collagen fibrils in the small range of distances on mica substrates than that on glass substrates 
(Figure 6.5D). When distance between single cell and single microsphere is large (180-190µm), 
little deformation is expected to do to the dissipation of force within the collagen fibrils. We also 
collected all initial displacements on mica and glass substrates in range of large distances and 
make a distribution (Figure 6.5E). It was shown that the fraction of initial displacement on mica 
substrates is very similar to that on glass substrates indicating that the interaction between cells 
and collagen fibrils is very small on both mica and glass substrates in the range of large distance. 
In order to further prove that mica and glass substrates indeed had collagen fibrils and 
microspheres were coated on collagen fibrils, the microspheres number per 100 µm2 were 
quantified to compare substrates with no fibrils and substrates with fibrils. We showed that the 
number of microspheres on bare mica and blank glass substrates is significantly smaller than that 
on mica and glass substrates with fibrils (Figure 6.5F). Therefore, microspheres appear to 
preferentially bind collagen and are not adsorbed to the surface of the mica or glass. This would 
allow us to determine if cell alignment changes on flexible substrates were due to changes in the 
alignment of the collagen fibrils themselves or in the cells ability to interpret aligned structures. 
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Figure 6.5 Trajectories of fluorescent microspheres adsorbed on aligned collagen fibrils. (A) assembled 
on mica. (B) transferred to glass. Microspheres are colored differently depending on their initial 
displacement. (C)the fraction of microspheres initial displacements on mica with fibers and glass with 
transferred fibers when the distances between cells and microspheres are very small (0~10μm). (D) the 
frequency of initial displacements of mica with fibers and transferred fibers on glass. (E) the fraction of 
microspheres initial displacements on mica with assembled fibers and glass with transferred fibers when 
the distances between cells and microspheres are very large (180~190μm). (F) microspheres number per 
100 μm2 on mica with fibers, bare mica, glass with transferred fibers and blank glass. Blue indicates 
initial displacements larger than 2μm, green indicates initial displacements between 600nm and 2μm and 
red represents initial displacement smaller than 600nm. The cell outline from one time point is shown in 
white. Calibration bar length is 30μm. 
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The collagen fibrils on mica substrates and transferred substrates were imaged using second 
harmonic generation (SHG) imaging and the distribution of collagen fibril orientations was 
determined and fitted to the same distribution as used above. On mica substrates, collagen 
orientation was not much different between substrates on which no cells had been plated and 
substrates on which cells had been plated for 12hrs (Figure 6.6A&B). However, collagen fiber 
alignment decreased dramatically between 12 and 24hrs (Figure 6.6B&C). The alignment of 
collagen fibrils on flexible substrates at 0hr is much better, characterized by a narrower angle 
distribution as compared to the distribution on mica substrates (Figure 6.6D&G&J&M). All 
flexible substrates appeared to slightly block the decrease in collagen orientation distribution 
through 12hrs and 24hrs compared to mica substrates (Figure 6.6F&I&L&O). Since this 
distribution just indicates orientation and not density, we quantified the collagen density under 
the same conditions by examining the intensity of the SHG images. Aligned collagen on all 
flexible substrates in the presence of cells showed a decrease in normalized collagen density over 
time (Figure 6.7A). What’s more, normalized collagen density on PDMS substrates was much 
smaller than mica and other substrates over time. In parallel to normalized collagen density, we 
then determined what fraction of the area was occupied by collagen on mica and substrates 
(Figure 6.7B). Collagen area fraction on mica, glass and PDMS substrates decreased 
dramatically over 24hrs. Interestingly, collagen area fraction on 2000 Pa and 200 Pa 
polyacrylamides did not change (Figure 6.7B). There were no significant differences in the non-
ordered collagen fractions across all samples (Figure 6.7C). The aligned collagen fractions were 
evaluated and there were also no significant differences across all samples (Figure 6.7D). 
Aligned collagen signal, the product of collagen area fraction and aligned collagen fraction, 
decreased on all substrates (Figure 6.7E). The fitting parameter , which describes the width of 
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the von Mises distribution showed significantly difference between mica and flexible substrates 
at 0hr, but showed no significant difference across the substrates at 24hrs. Given that aligned cell 
fraction and aligned collagen fraction on mica and all flexible substrates was not significantly 
different, we were interested in cell directionality at the level of cell migration on mica and 
flexible substrates.  
 
Figure 6.6 Angle distribution of collagen on the mica substrates, and transferred substrates. Glass, PDMS, 
and 2000Pa and 200Pa polyacrylamide were seeded with MDA-MB-231 cells (A-C) The angular 
distribution of collagen progressed from organized to stochastic over 24hrs on mica sample (D-F) The 
angular distribution of collagen showed clear transition from a narrower collagen distribution to a more 
disorganized state over 24hrs on transferred glass (G-I) The angular distribution of collagen showed clear 
transition from a narrower collagen distribution to a more disorganized state over 24hrs on transferred 
PDMS (J-L) The angular distribution of collagen showed clear transition from a narrower collagen 
distribution to a more disorganized state over 24 hours on transferred 2000Pa polyacrylamide (M-O)  The 
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angular distribution of collagen showed clear transition from a narrower collagen distribution to a more 
disorganized state over 24hrs on transferred 2000Pa polyacrylamide 
 
Figure 6.7 Collagen fiber alignment on mica substrates and transferred substrates. Glass, PDMS, and 
2000Pa and 200Pa polyacrylamide were seeded with MDA-MB-231 cells (A) The relative intensity of the 
collagen fibers on the mica-based substrates over 24hrs, normalized to the initial intensity of the control at 
0hr. Collagen fibrils on all substrates showed rapid degradation of the collagen signal over time. (B) The 
collagen area fraction representing the sum of both ordered and non-ordered fractions of the collagen 
signal on the substrates showed significant difference over 24hrs on mica, glass and PDMS. (C) The non-
ordered collagen fractions of the collagen signal from the different substrates showed no significant 
differences (D) Collagen alignment fraction, (E) Aligned collagen signal fraction, as a product of the 
aligned collagen fraction and the relative collagen intensity and (F) distribution spread parameter,  as a 
function of time on function. Cells plated on aligned collagen fibrils assembled on mica (circle), on 
transferred glass (closed squares), PDMS (closed diamond), and 2000Pa (open triangle) and 200Pa 
(closed triangle). Error bars represent 95% confidence intervals. 
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Figure 6.8 Migration behavior of MDA-MB-231 and MTLn3 cells on mica substrates and transferred 
substrates. (A) speed and (B) directionality of MTLn3 cells. (C) speed and (D) directionality of MDA-
MB-231 cells. Error bars are 95% confidence intervals. Solid black lines indicate that the means are 
statistically significant (p < 0.05 using two-tailed student’s t-test). 
We tested two different breast cancer cell lines (MDA-MB-231 cells and MTLn3 cells) in 
vitro to understand cell migration behavior on mica and substrates. They were plated on mica 
and glass (approximately 10GPa [31]), thin PDMS (approximately 280 KPa [32]), thick PDMS 
(approximately 280 KPa [32]), and 2000 Pa and 200 Pa polyacrylamides with collagen fibrils 
and migration speed and directionality were calculated. The thin and thick PDMS have the same 
stiffness because the ratio of base and curing agent is the same, but the different thicknesses 
result in different sensing stiffness. The speed of MTLn3 cells increased from stiff glass to 
intermediate stiff thick PDMS and then decreased dramatically on very soft (both 2000Pa and 
200Pa) polyacrylamide substrates (Figure 6.8A). The fastest speed of MTLn3 cells is on 
intermediate stiff transferred thick PDMS. MTLn3 cells directionality was not significantly 
different between mica and flexible substrates (Figure 6.8B). The speed of MDA-MB-231 cells 
increased from stiff glass to soft 2000 Pa polyacrylamide substrate and then decreased 
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dramatically on extremely soft 200 Pa polyacrylamide substrates (Figure 6.8C). MDA-MB-231 
cells directionality on polyacrylamide substrate was slightly higher than that on mica substrates 
and MDA-MB-231 cells directionality had little significant difference among transferred 
substrates, indicating that the mechanical properties of the substrate do not govern contract 
guidance greatly (Figure 6.8D).  
6.4 Discussion 
In this paper we used an engineering method to accomplish transferring epitaxially grown 
collagen fibrils from mica substrates to flexible substrates and studied how stiffness of these 
flexible substrates affect contact guidance. The tumor is much stiffer than normal tissues. In vivo, 
normal breast tissue was predominantly around 400 Pa, while the mean stiffness of invasive 
tissue elevates to as much as 5 kPa. [14] Although collagen fibrils assembled on mica substrates 
are very similar to native fibril structures in vivo, the stiffness of mica is likely different from the 
stiffness of tumor tissues in vivo. While epitaxial growth of aligned collagen fibrils represent a 
reasonably physiological contact guidance cue, the unknown and uncontrollable mechanical 
properties represent challenges. Epitaxially grown aligned collagen fibrils can only be assembled 
because of the mica’s special surface properties [34] and this assembly leads to anisotropic 
collagen layers on muscovite governed by collagen−collagen and collagen−mica electrostatic 
interactions. [34, 35] The fibril bundles resist deformation in the direction parallel to the 
alignment direction while the fibril bundles are more readily deformed in the direction 
perpendicular to the alignment indicating that epitaxially collagen fibrils are loosely attached on 
mica substrates and can be transferred to flexible substrates with different stiffness. Therefore, in 
the paper we are seeking a novel way to transfer epitaxially grown aligned collagen fibrils from 
mica substrates to flexible substrates.  
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With regard to studying interaction between cells and substrates, both polydimethylsiloxane 
(PDMS) and polyacrylamide are commonly used extensively because their mechanical properties 
are easily tuned by simply varying the ratio. However, it is more difficult to modify PDMS 
chemically primarily because its hydrophobicity [36] and high chain mobility. [37] This high 
chain mobility interferes with the modification of stable oxidized layers on PDMS [38] and 
lower the physical adsorption of cell-adhesive molecules on to PDMS. [38, 39] Therefore, this 
might represent a reason that collagen density was much lower (Figure 6.1D) and collagen area 
fraction decreased dramatically for longer times (Figure 6.7B) on PDMS than other target 
substrates after transferring. 
When collagen fibrils are epitaxially grown on mica surfaces, not all of them are perfectly 
aligned. This is demonstrated by the finite width of the von Mises distribution (Figure 6.6A). 
When collagen fibrils were transferred to flexible substrates, the collagen alignment was much 
higher than fibrils on mica substrates (Figure 6.6D&G&J&M). The reason could be that most of 
aligned collagen fibrils were transferred to flexible substrates and fibrils left on mica substrates 
were mostly unaligned (Figure 6.9) indicating that aligned collagen fibrils are easier to be 
transferred. 
After we transferred aligned collagen fibrils from mica substrates to flexible substrates, we 
wanted to understand how stiffness of flexible substrates affects cells contact guidance behavior. 
When MDA-MB-231 cells were plated on mica substrates for longer time (24hrs), both cell 
density and cell alignment area fraction were much smaller than that on flexible substrates. This 
occurs because self-assembled collagen fibrils were loosely attached and cells were able to 
remodel fibrils easily and distort them from their original alignment. Therefore, after MDA-MB-
231 cells were plated on mica substrates for 24 hrs, cells form large aggregates and most of 
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fibrils were rip off (Figure 6.9). When MDA-MB-231 cells were plated on the flexible substrates, 
the cross-linking reaction covalently links amine groups within the collagen to the surface 
exposed aldehyde. Thus, collagen fibrils attached to flexible substrates are much stronger than 
those on mica substrates. Although for longer time, cells are still able to change collagen 
alignment on flexible substrates, cells did not aggregate and detach from surfaces as what was 
seen on collagen fibrils assembled on mica (Figure 6.9), which is shown by measuring cell 
density and cell alignment area fraction (Figure 6.4A&B). This illustrates that this substrate 
could be used for longer term migration assays in situations where contact guidance cue 
detachment is undesired. Also, by transferring fibers to glass substrates imaging approaches like 
total internal reflection microscopy is now available to be used in examining contact guidance on 
these collagen fibrils. 
 
Figure 6.9 Schematic of fibrils transfer and cell behavior from mica substrates to target substrates  
Our initial analysis was geared toward understanding how mechanical properties of the 
substrate regulate contact guidance. We compared MDA-MB-231 and MTLn3 cells on 
epitaxially grown aligned collagen fibrils on mica substrates. [28, 33] It was shown MDA-MB-
231 cells sense contact guidance cues and MTLn3 cells do not sense contact guidance cues. 
MTLn3 cells, exerting amoeboid mode of cell migration, have poorly adhesive force [16] and 
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less depend on cell-ECM interaction, while MDA-MB-231 cells, exerting mesenchymal mode of 
cell migration, have highly adhesive force [16] and more depend on cell-ECM interaction. In this 
paper, we also compared contact guidance of these two cell lines on different stiffness of aligned 
substrates. Both of MTLn3 and MDA-MB-231 cells speed increased when matrix has been 
changed from extremely stiff (glass) to intermediate stiff (PDMS), which is supported by 
previous studies by Lopez-Garcia et al [39] and Kristin M. Riching et al. [40] They stated that 
cells would move the least if matrix exhibited greatest stiffness, but relatively lower stiff matrix 
may provide more adhesive and contractile force for cells to migrate faster. [40] However, due to 
different amounts of adhesive and contractile force in MTLn3 compared to MDA-MB-231 cells, 
2000 Pa matrix is too soft to provide balanced force to allow fast migration for MTLn-3 cells. 
Therefore, MTLn3 cells speed decreased dramatically on 2000 Pa polyacrylamide substrates, 
while MDA-MB-231 cells speed only decreased robustly on 200 Pa polyacrylamide substrates. 
The directionality of MDA-MB-231 cells did not change significantly on flexible substrates and 
the directionality of MTLn3 cells did not change significantly on flexible substrates. This might 
suggest that soft environment would not change cells directionality no matter what types of cells, 
but soft environment would change cells speed differently based on different cell types. Even 
though these flexible substrates show no change in directional fidelity, they do represent 
potential substrates on which to study force transmission during contact guidance on 
physiologically relevant collagen fibrils. 
6.5 Conclusion 
In this paper, we show a novel way to transfer self-assembled aligned collagen fibrils on 
mica substrates to flexible substrates. After transferring, most of aligned collagen fibrils on mica 
substrates are transferred to flexible substrates and only unaligned collagen fibrils are left on 
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mica substrates. What’s more, aligned cell fraction and aligned collagen fraction on flexible 
substrates are very similar to these on mica substrates but flexible substrates block the cells’ 
ability to remodel aligned collagen fibrils by measuring normalized cell density, area fraction 
and angle distribution of collagen. MTLn3 cells migrate faster on intermediate stiff substrates but 
slower on soft 2000 Pa and 200 Pa polyacrylamide substrates. MDA-MB-231 cells migrate faster 
on intermediate stiffness PDMS and soft 2000 Pa polyacrylamide, but lower speed on extremely 
soft 200 Pa polyacrylamides. Tuning the stiffness of the contact guidance cue appears to have 
only marginal impact on directionality. 
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CHAPTER 7 CONCLUSION 
Invasion of cancer cells into the surrounding tissue is an important step during cancer 
progression and is driven by cell migration. Cell migration can be random, but often it is directed 
by various cues such as aligned fibers composed of extracellular matrix (ECM), a process called 
contact guidance. During contact guidance, aligned fibers bias migration along the long axis of 
the fibers. Contact guidance cues are known to develop in the tumor microenvironment (TME) 
and contact guidance has been shown to be an important aspect of cancer progression. 
There are numerous methods to mimic 2D contact guidance cues, such as gratings, µCP lines 
of collagen, and epitaxially grown aligned collagen. We first compared a topographical cue 
(gratings) and a chemical cue (µCP lines of collagen) to highly aligned epitaxially grown 
collagen fibrils. Both gratings and µCP lines of collagen do not present fibers as collagen 
monomers are uniformly attached to the substrate. No differences in contact guidance are seen 
for gratings or µCP lines between MDA-MB-231 and MTLn3 cells. Epitaxially grown, aligned 
collagen fibrils are unique in their ability to show cell-type differences in contact guidance, 
likely due to physiologically relevant assembly of collagen fibrils. These cell type differences are 
also seen in 3D aligned collagen networks assessed in our lab as well as invasion assays in 
mouse models of cancer. MDA-MB-231 cells perceive the directional signal of highly aligned 
type I collagen fibrils with high fidelity, elongating to large extents and migrating directionally. 
Interestingly, behavior in MTLn3 cells differs. While highly aligned type I collagen fibril 
patterns facilitate spreading and random migration of MTLn3 cells, it does not support 
elongation or directed migration. Thus, different contact guidance cues bias cell migration 
differently and the fidelity of contact guidance is cell-type dependent, suggesting that ECM 
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alignment is a permissive cue for contact guidance, but requires a cell to have certain properties 
to interpret that cue. 
We have shown that different invasive breast cancer cells respond to epitaxially grown, 
aligned collagen fibrils differently during contact guidance. MDA-MB-231 cells exert large 
traction forces, tightly adhere to the ECM and migrate with spindle shape morphology and thus 
adopt a mesenchymal mode of migration. MTLn3 cells exert small traction forces, loosely 
adhere to the ECM and migrate with a more rounded morphology and thus adopt an amoeboid 
mode of migration. Therefore, contraction and adhesion during cell migration could be one 
reason that cause contact guidance fidelity of different types of cells. Contraction is controlled by 
phosphorylated myosin activity and adhesion is controlled by phosphorylated paxillin activity. 
Therefore, these signaling outputs give us a way to measure the signaling state of the cell and its 
effect on contact guidance. The directionality of highly contractile and adhesive MDA-MB-231 
cells can be diminished by inhibiting Rho kinase or β1 integrin binding. Inversely, the 
directionality of less contractile and adhesive MTLn3 cells can be enhanced by activating 
contractility or integrins. Subtle, but quantifiable alterations in myosin II regulatory light chain 
phosphorylation on stress fibers explain the tuning of contact guidance fidelity, separate from 
migration per se indicating that the contractile and adhesive state of the cell in combination with 
collagen organization in the TME determine the efficiency of migration. Understanding how 
distinct cells respond to contact guidance cues will not only illuminate mechanisms for cancer 
invasion, but will also allow for the design of environments to separate specific subpopulations 
of cells from patient-derived tissues by leveraging differences in responses to directional 
migration cues. 
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The ECM in the TME contains a high density of collagen that is highly aligned, resulting in 
contact guidance.  Cell-mediated ECM remodeling is a key feature of cells within the TME, 
where both cancer and stromal cells cooperate to remodel the ECM. Cancer cells can remodel the 
ECM through traction force controlled by myosin contractility or proteolytic activity controlled 
by matrix metalloproteinase (MMP) activity, leading to either a disruption of collagen alignment 
or an enhancement of collagen alignment, leading to either enhanced or diminished contact 
guidance. Epitaxially grown aligned fibrils on mica substrates offer a substrate that can be 
remodeled because the collagen fibrils are loosely attached to mica substrate due to non-covalent, 
electrostatic interactions between collagen and the surface. This differs from other commonly 
used 2D contact guidance systems. Here, I probed the mechanisms of remodeling of aligned 
collagen fibrils on mica by breast cancer cells. We showed that cells that contact guide with high 
fidelity (MDA-MB-231 cells) exert more force on the underlying collagen fibrils than do cells 
that contact guide with low fidelity (MTLn3 cells). These high traction forces remodel collagen 
fibrils over hours, pulling so hard that the collagen fibrils detach from the surface. Myosin or 
MMP inhibition decreases this affect. Interestingly, blocking MMP appears to increase the 
alignment of cells on these substrates, potentially allowing the alignment through myosin 
contractility to be uninhibited. Finally, amplification or dampening of contact guidance with 
respect to a particular collagen fibril organization is seen under different conditions, suggesting 
that not only does contractility and proteolytic activity alter the ability of cells to remodel the 
ECM, but also their ability to respond to it. 
ECM stiffens during the progression of cancer. Because stiffness regulates contractility, 
which we showed to be important in contact guidance, I probed whether stiffness is another 
important factor governing contact guidance. Epitaxially grown collagen fibrils on mica weakly 
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interact with the mica substrate. However, it is difficult to determine or control that interaction, 
thus it is difficult to determine or control the mechanical properties of collagen fibrils assembled 
in this way. Consequently, I sought to transfer aligned fibrils from mica to target substrates 
where stiffness can be controlled. I chose three different common functionalized target substrates: 
glass coverslips, PDMS and polyacrylamide. After collagen fibrils have been transferred from 
mica substrates to target substrates, normalized cell density and cell alignment area fraction all 
increase. What is more, normalized collagen intensity on target substrates decreased less than 
that on mica substrates. Therefore, all transferred substrates blocked the cells’ pulling off of 
collagen fibrils. I then determined how different mechanical properties affect cell migration 
behavior on these target substrates, thus, we compared cell migration speed and directionality 
between two different cell types on mica and target substrates based on different migration 
modes. Cell speed is lowest on very soft substrates for both MDA-MB-231 and MTLn3 cells. 
MDA-MB-231 cells exerted higher speed on intermediate stiff transferred PDMS and soft 
2000Pa polyacrylamide, but exert lower speed on extremely soft 200Pa polyacrylamide. MTLn3 
cells exerted higher speed on intermediate stiff substrates but lower speed on very soft substrate. 
Cell directionality of MDA-MB-231 cells on all substrates does not have significant difference. 
This also happens for MTLn3 cells. It appears that the stiffness of substrate does not play a large 
role in contact guidance. 
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